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General Introduction 
 
Chapter 1 General Introduction 
  
1.1 Vigilance: a terminological conundrum 
The term vigilance is used frequently in a wide variety of research areas. The 
British neurologist Sir Henry Head (1923) introduced the term vigilance to refer 
to a state of high consciousness. More specifically, he defined vigilance as a 
“…high state of physiological efficiency” (p. 133; italics added). Nowadays, the 
term ‘vigilance’ is used in neurophysiological research, but also in the 
experimental psychological field (see e.g. Matthews, Davies, Westerman, & 
Stammers, 2000). Related terms, such as arousal, sustained attention, and tonic 
alertness are often used jointly with or instead of the term vigilance.  
It may seem that all these designations can be interchanged freely, but this is 
not the case. Many investigators differentiate these terms and the distinctions 
made are not always subtle. The terminological confusion might, in part, be due 
to the fact that the term vigilance is used in the scientific fields of both 
physiology and psychology. A closer look at the usage of this word in these 
different disciplines may be informative. It is important to note that two issues 
cause a mixed collection of notions concerning the term. These involve on the 
one hand its definition (i.e. clarification of the theoretical construct) and thus 
reference to different processes, and on the other hand different measuring 
procedures.  
 
1.2 Vigilance in psychophysiological research 
In the psychophysiological literature ‘vigilance’ refers to a state of high 
physiological activity. The term alertness has also been applied in this field of 
research (Patat, Rosenzweig, Miget, Allain, & Gandon, 1999), but even more 
often the term ‘arousal’ is used as synonymous with vigilance (see e.g. 
Engelhardt, Friess, Hartung, Sold, & Dierks, 1992; Parks, Levine, & Long, 
1998). In fact, the word ‘arousal’ is generally translated as ‘vigilance’ in French 
and ‘Vigilanz’ in German (Parasuraman, 1998). Arousal was first conceived of 
as a unidimensional concept, but investigators have debated this view since the 
sixties of the previous century (Whitehead & Schliebner, 2001). For example, 
the ascending reticular formation of the brainstem probably consists of multiple 
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neural systems that all have their own projections to the cortex (Pribram & 
McGuinness, 1975; Robbins & Everitt, 1995). Hence, different parts of the brain 
can be aroused more or less independently. This arousal of brain areas is 
reflected in the electric activity of the brain and can be registered by means of 
EEG. 
The EEG (ElectroEncephaloGram) reflects activity of large numbers of 
neurons in the cortex (Coenen, 1995). More specifically, each electrode used in 
EEG recordings provides a signal that includes activity of at least 107 – 108 
neurons (Lutzenberger, Elbert & Rockstroh, 1987). The neurons that 
predominantly contribute to the signal are large pyramidal cells with long apical 
dendrites located on cortical gyri directly below the skull (Birbaumer, Elbert, 
Canavan & Rockstroh, 1990). The EEG is particularly suitable if the cortical 
processes to be investigated are widely distributed (Pulvermüller, Birbaumer, 
Lutzenberger & Mohr 1997). There are several techniques to analyze the EEG 
signal. One method is the so-called ERP or Event-Related Potential, which is 
used to assess cognitive operations that are performed. This method calculates 
the average brain response to a stimulus. It assesses phasic changes in the EEG, 
which are evoked by certain events. Some vigilance studies (see e.g. Humphrey, 
Kramer & Stany, 1994; Posner, 1986) have focused on ERP effects, but this 
technique may not be particularly suitable for determining the slowly changing 
vigilance state. 
Another technique is spectral analysis of the EEG, which can be obtained by 
means of Fast Fourier Transformations or FFT (for an overview on methods in 
spectrum analyses, see Kay & Marple, 1981). The FFT is considered to reflect 
changes in the state of those neuronal networks that are required during task 
performance (Lopes da Silva, 1991). This method is often used in vigilance 
studies (see e.g. Ballard, 1996; Pennekamp, Boesel, Mecklinger, & Ott, 1994). 
The main assumption of this analyzing technique is that the EEG-signal is a 
complex compound of various sine waves of different frequencies. The FFT 
segregates all frequencies present in the signal and computes the power or 
amplitude of these frequencies. The frequencies found in the EEG are generally 
divided into broad categories: delta (1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), 
beta1 (13-22 Hz), beta2 (23-30 Hz), and gamma (31-60 Hz).  
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It has been found that lower frequencies in the EEG increase with declining 
vigilance or sleepiness (Coenen, 1995). These lower frequencies may reflect 
decreased cortical activity. Theta power might be the most sensitive measure for 
sleepiness in the pre-sleep period (Ogilvie, Simons, Kuderian, MacDonald, & 
Rustenburg, 1991). A condition of sleep, however, is associated with power 
increments in all frequency bands (Ogilvie, Simons, Kuderian, MacDonald, & 
Rustenburg, 1991). During sleep, neurons are known to fire in the so-called 
‘burst-mode’, which is a highly synchronized type of firing (Coenen, 1995). 
Apparently, the synchronization that is present during sleep affects all 
frequencies, including those in higher ranges (Ogilvie, Simons, Kuderian, 
MacDonald, & Rustenburg, 1991).  
 
1.3 Vigilance in psychological research 
The “efficiency”-part of Head’s (1923) definition is associated with behavior. 
Head elucidated that the vigilant state differs from a pure condition of raised 
excitability in the sense that “…it is associated not only with an increased 
reaction but with highly adapted responses” (p. 133). Along these lines, 
investigators in experimental psychology have employed the term vigilance to 
describe the behavioral level of activity. Vigilance is made operational by means 
of task performance measures, such as reaction times, misses, and false alarms 
or false responses (Ballard, 1996; Coull, 1998; Matthews, Davies, Westerman, 
& Stammers, 2000; Parasuraman, 1998; Posner & Marin, 1985). The terms 
‘vigilance’ and ‘sustained attention’ are usually used synonymously in 
experimental psychology1. 
In contrast to investigators in neurophysiological research, most researchers 
in the psychological field make a distinction between vigilance and arousal. As a 
matter of fact, arousal is generally thought of as one of many possible 
underlying theoretical constructs in the elucidation of low vigilance performance 
(see e.g. Parasuraman, 1998). That is to say, a low level of arousal (i.e. general 
physiological activity of the system) is assumed to be one of the causes of low 
vigilance performance, but arousal is certainly not seen as equal to vigilance.  
                                                 
1Distinctions that have been made (e.g. Coull, 1998; Parasuraman, 1998) are rather subtle and do 
not concern well-defined qualitative differences in terms of underlying processes. 
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Vigilance and alertness are closely related concepts. In fact, the term 
alertness itself may cause confusion. It has been used as a broad term, covering 
physiology and behavior (Paus, Zatorre, Hofle, & Caramanos, 1997). Alertness 
has been applied as reference to subjective feelings (Unrug, van Luijtelaar, 
Coles, & Coenen, 1997), but also as the activational state in general, without 
theoretical definition or operational exactness (see e.g. Aeschbach et al., 1999; 
Ǻkerstedt & Folkard, 1995). It was Posner (1986) who introduced a distinction 
between on the one hand ‘phasic alertness’, a short-term process, and on the 
other hand ‘tonic alertness’, which refers to a more slowly changing state. 
Phasic alertness denotes “Rapid changes in alertness following a warning 
signal” (Posner, 1986; p. 141) and is usually measured by means of Reaction 
Time tasks. Duration of this process is on the order of (a fraction of) a second. 
Physiological measurement of this type of alertness is usually done by means of 
ERPs in the EEG. More specifically, after a warning signal in experimental 
tasks the EEG shows a negative drift: the Contingent Negative Variation or 
CNV. The CNV is thought to reflect preparatory processes in the ‘warned’ 
individual (Posner, 1986). Tonic alertness refers to the slowly changing 
energetic state of an individual and is therefore closely linked to the term 
vigilance.  
Kraepelin (1902) claimed that different processes, such as practice, fatigue 
and stimulation, together determine how performance changes over time during 
a task. The curve of performance change in time he labeled “die Arbeitscurve”: 
the working curve. Kraepelin underlined the importance of fatigue during a task. 
In his experiments, Kraepelin used cognitively demanding tasks, such as 
computational tasks. Furthermore, he used very long task durations of several 
hours. He argued that if a person needs to sustain performance on a tiring task, 
the working curve will show an increasingly steep decline, as fatigue will 
ultimately overwhelm all other processes. Kraepelin thus appears to suggest that 
sustained demanding task performance will eventually yield a decrement in 
performance. In line with Kraepelin’s suggestion, a decrement in performance 
during vigilance tasks is still thought to reflect a decline in vigilance 
(Parasuraman, 1985; Parasuraman & Mouloua, 1987). Hence, focus in vigilance 
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research has not been on overall levels of performance, but on performance 
decrements. 
One of the first theories that sought to explain the performance decrement 
was the arousal theory, which was derived from arousal theories on general 
human performance (see e.g. Eysenck, 1982). The main assumption of this 
theory is that the performance decrement is due to lack of stimulation, which is 
needed to maintain alertness at a required level (Ballard, 1996; Eysenck, 1982). 
More specifically, it is assumed that a state of vigilance cannot be maintained 
under conditions of repetitive stimulation (Parasuraman, 1985), due to 
perceptual habituation (Mackworth, 1969; Stroh, 1971). Hence, the arousal 
theory predicts that vigilance performance deteriorates most steeply in tasks that 
are boring and monotonous. The classic vigilance task is indeed monotonous 
and undemanding (Mackworth, 1969). 
Another approach concerning vigilance performance originated from 
theories on selective attention. This approach involves a capacity or resource 
view. Kahneman (1973) pointed out in his attention model that the mental 
system is limited in capacity. He further argued that processing capacity 
increases if physiological activation (arousal) is high, underlining the 
importance of integrating energetics and cognitive processing. Moreover, he 
claimed that an increase in task demands requires a rise in arousal and capacity. 
Similar ideas were proposed by Wickens (1984), who used the term ‘resources’, 
instead of capacity. Wickens maintained that processing resources are needed 
during task performance and these resources are limited in their availability. If 
tasks become more difficult or demanding, they require more resources 
(Parasuraman, 1985; Wickens, 1984). This resource view has been applied to 
vigilance research, where it is assumed that the pool of resources is depleted if 
task performance is prolonged (Matthews, Davies, Westerman, & Stammers, 
2000; Parasuraman, 1985). In contrast to the arousal theory, the resource or 
capacity view on vigilance performance predicts that performance is worst and 
shows the steepest decline in tasks that are cognitively demanding. 
Usually, vigilance is studied during task performance. However, vigilance is 
considered to be a slowly-changing state of an individual (Coull, 1998; Parks, 
Levine, & Long, 1998). If a performance drop indeed reflects a decline in 
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vigilance, one would expect the effects to endure. That is, a lowering in 
vigilance should be measurable after the task itself has ended. Strong (1916) 
already argued that after any form of activation changes in the organism should 
be measurable. It would therefore be interesting to investigate vigilance effects 
after the actual sustained attention task has ended. Unfortunately, after-effects 
have not been studied extensively.  
 
1.4 Vigilance measured subjectively 
A low level of vigilance is assumed to be related to lower brain activity and 
worse (and declining) task performance. Being conscious of his state, a person is 
usually capable of judging his own level of vigilance. Therefore, subjective 
measures are used to determine vigilance. When vigilance is measured 
subjectively, the word ‘alertness’ is usually applied. Another term that is often 
used is ‘fatigue’. This term refers to a low level of vigilance and has been 
explicitly linked to motor responses and muscle activity. However, as is the case 
for the terms vigilance and alertness, different definitions of fatigue are in use in 
various fields of research, including medical practice (St. Clair Gibson et al., 
2003). 
Questionnaires are frequently used to measure subjective alertness in a 
quantifiable manner (see e.g. Dorrian, Lamond, & Dawson, 2000; Natale, & 
Cicogna, 1996; Thayer, 1978). Both unidimensional and multidimensional 
scales are used (Smets, Garssen, Bonke, & De Heas, 1995). The Visual 
Analogue Scale (VAS) is a well-known example of a unidimensional scale. This 
scale is a simple line, with low alertness at the one end and high alertness at the 
other end. To determine how alert a person is, this person needs to draw a stripe 
on the line. The position of the stripe on this line is assumed to be indicative of 
the level of alertness. However, subjective alertness is generally conceived of as 
multidimensional (Bond & Lader, 1974; Horne, 1991; Natale & Cigogna, 1996). 
Therefore, multiple VAS scales have been used with (slightly) different 
adjectives relating to alertness (see e.g. Bond & Lader, 1974).  
Various questionnaires have been developed to assess alertness more 
accurately. These questionnaires contain adjectives, which have to be rated. An 
example is the Chalder fatigue scale, which has been applied predominantly for 
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clinical purposes (Morris, Wearden & Mullis, 1998). The Karolinska Sleepiness 
Scale, used in experimental research, contains only sleepiness-related adjectives 
(Ǻkerstedt & Gillberg, 1990). Thayer (1978) constructed a multi-factor 
subjective scale, which contains factors such as sleepiness and activation. 
Examples of the adjectives used in Thayer’s scale are: “sleepy”, “vigorous”, 
“energetic”. There are indications that alertness comprises both mental and 
physical factors (Smets, Garssen, Bonke, & De Heas, 1995), but this distinction 
is usually not explicitly made in the different items (adjectives) that are used in 
the questionnaires.  
 
1.5 Vigilance revisited 
Definition of the construct should form the starting point if the notion of 
vigilance is to be used meaningfully. Head’s definition (1923) is rather 
physiological in nature, but the “efficiency” part points to behavior. His 
clarification that a vigilant state differs from a pure condition of raised 
excitability appears to be of major importance. In fact, Wundt (1874) already 
made a distinction between intensity and quality of sensation and strength and 
direction in the preparation of responses. Likewise, Duffy (1957) separated two 
aspects of behavior: intensity (which she labeled ‘arousal’) and direction. It 
might well be that this direction is associated with Head’s term efficiency. In my 
opinion, the combination of physiological activity and adaptive behavior is of 
great relevance and underlines the difference between vigilance and more basic 
energetic conditions.  
Adaptive behavior is a term that needs to be specified in order to be 
measured. In humans, adaptive behavior may be conceived of as controlled 
processing in particular, which requires cognition. In this light, the term 
adaptive behavior is made operational as cognitive performance. For now, a 
vigilant state is defined as the optimal energetic precondition for complex 
cognitive performance. As such, cognitive performance is regarded not as an 
obligatory aspect of a vigilant state, but as a possible result of high vigilance. 
That is to say, optimal cognitive performance requires high vigilance, which 
should be measurable physiologically. However, low cognitive performance 
does not necessarily imply low vigilance, as performance does not only concern 
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energy. In sum, vigilance is used here to refer to the energetic requisites of 
cognitive performance.  
One would expect that all vigilance measures, which are assumed to reflect 
one theoretical construct, correlate. However, straightforward correlations are 
not abundant (see e.g. Sanders, 1998), but they have been found (Makeig & 
Inlow, 1993). In this manuscript, vigilance is defined as the energetic condition 
required for non-automatic, complex cognitive performance. As such, vigilance 
should be reflected in neuronal activity, behavior, and subjective judgment. 
Vigilance is made operational by means of the following measures: spectral 
power in the EEG, cognitive task performance, and subjective judgment.  
 
1.6 Vigilance and memory 
A relation has often been suggested between vigilance on the one hand, and 
memory performance on the other (Dudai, 1989; Roth et al, 1990; Squire, 1987). 
The level of vigilance at time of learning has been considered to be an important 
factor in the recall of information (Dudai, 1989; Squire, 1987). Accordingly, 
sleep deprivation appears to cause memory impairment (Eysenck, 1982). 
Moreover, drug-induced amnesic and vigilance effects have been claimed to be 
related (Roth, Roehrs, Stepanski & Rosental, 1990). This relation between 
vigilance and sedative effects, however, has been refuted by researchers who 
demonstrated dissociation between the two effects (Curran et al., 1988; Fluck et 
al, 1998; Quigley, Green, Morgan, Idzikowski & King 2000). Moreover, some 
studies did not find any memory effect after sleep deprivation (Gorissen, 
Tielemans & Coenen, 1997). In all, it is not clear whether vigilance and memory 
processes are indeed related. In this manuscript, episodic memory was 
investigated in conditions of variable vigilance levels.  
 
1.7 General outline 
The experimental focus of this manuscript is on the exploration of vigilance. 
What are the most sensitive vigilance measures, how do the different vigilance 
measures relate to each other, in what direction is vigilance affected in various 
conditions and are the effects of vigilance manipulations enduring? It was 
investigated whether different forms of strenuous effort lead to comparable 
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vigilance declines. Vigilance was manipulated by means of sustained mental 
effort and sustained physical effort. After the effort manipulations, vigilance 
was measured to test the endurance of the effect. Furthermore, naturally 
occurring changes in vigilance throughout the day were investigated, both in 
healthy individuals and in participants suffering from a neurological sleep 
disorder: narcolepsy.  
In chapters 2 and 3, the effects of mental effort were outlined. In the second 
chapter, the focus was on EEG-measures. In the first experiment of chapter 2, it 
was tested whether theta power is increased after sustained mental task 
performance. In the second experiment, theta rhythm was studied in particular. 
Increases in theta power have not only been associated with lower vigilance, but 
also with processes of working memory. Theta power was investigated during 
and after two different tasks with varying working memory demands. In chapter 
3, task performance was explored. More specifically, predictions were 
investigated which were derived from the arousal theory and resource view on 
vigilance performance. The arousal theory states that vigilance drops in boring, 
monotonous tasks and the resource theory predicts that vigilance declines in 
demanding, difficult tasks. The second study of the third chapter further tested 
the resource view. Is it the dividing of attention that causes a decrement in 
performance, or is it the total amount of required processing resources? In 
chapter 4 the effects of physical effort and mental effort were compared. In the 
first experiment of chapter 4, the focus was on EEG-measures. In the second 
experiment of chapter 4, specific subjective effects were explored. Diurnal 
variation in vigilance was investigated in chapter 5. In the first experiment of 
chapter 5, it was tested whether naturally occurring vigilance fluctuations over 
the day can be assessed more sensitively in cognitively demanding tasks than in 
low-demanding tasks. In the second and third experiments, diurnal vigilance 
variation was explored in a group of narcoleptic patients. Chapter 6 provides an 
overview on the memory effects that were found over several experiments. This 
chapter concerns an investigation of the relation between vigilance and explicit 
episodic memory performance. Chapter 7 outlines the major experimental 
findings and includes the overall conclusions.  
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Chapter 2 Vigilance effects of mental effort: EEG measures 
 
2.1 Experiment 1 Mental effort affects vigilance enduringly: After-effects in 
EEG and behavior 1 
 
2.1.1 Abstract 
Vigilance is assumed to decline with sustaining task performance. The EEG-effects during 
performance on mental tasks, however, cannot be ascribed indisputably to vigilance decline per 
se. During task performance itself, effects of information processing and vigilance decline may 
be confounded. In this study, effects of sustained mental effort were studied in the absence of 
specific information processing, after sustained information processing had taken place, namely 
after an effortful 70-minutes intelligence test. Vigilance was determined by means of EEG-
measures in a rest condition. Furthermore, behavioral performance was assessed on two different 
tasks, the traditional Clock test and the SART. After mental effort, theta power in the EEG and 
errors on the SART were increased. Beta2 power, however, also appeared enhanced. We 
conclude that sustained mental effort decreases vigilance enduringly, but that some active 
processing is enhanced at the same time. A second study replicated the EEG-results after mental 
effort. 
 
2.1.2 Introduction 
Sustained mental task performance is assumed to decline vigilance, as theta 
power – which is a reflection of lowered vigilance – increases during the task 
(Ballard, 1996; Paus, Zatorre, Hofle, & Caramanos, 1997; Pennekamp, Boesel, 
Mecklinger, & Ott, 1994). However, EEG-effects during task performance can 
not be attributed unequivocally to a vigilance effect. During a task, information 
processing is required, while direct vigilance effects are expected at the same 
time. Thus, information processing effects (including practice effects and 
strategy changes) and vigilance effects may be confounded. It would therefore 
be informative to measure the effects of mental effort on vigilance, but in the 
absence of specific information processing itself.  
In this study, participants had to perform a mental task for 70 minutes. 
Afterwards, the EEG was measured during rest, when no specific information 
                                                 
1 Published in: Smit, A. S., Eling, P. A. T. M., & Coenen, A. M. L. (2004). Mental effort affects 
vigilance enduringly: after-effects in EEG and behavior. International Journal of 
Psychophysiology, 53, 239-243. 
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processing was required. We predicted that theta power would be increased after 
mental effort. We also measured vigilance behaviorally, on a vigilance task. We 
used two vigilance tasks: the classic Clock Test (Mackworth, 1948) and the 
short SART (Robertson, Manly, Andrade, Baddeley, & Yiend, 1997). This was 
done to test the view that tasks have to be enduring in order to validly measure 
vigilance (Ballard, 1996; Eysenck, 1982; Matthews, Davies, Westerman, & 
Stammers, 2000). We predicted that performance would be worse and/or would 
show a steeper decline after the tiring mental effort condition. 
 
2.1.3 Method 
Participants. Forty healthy students (10 men and 30 women; mean age 23 
years) participated in this study. They all signed an informed consent and could 
choose between € 20, - or course credits.  
Recording. Electrodes were placed at Fz, Cz, Pz, and O1 (Jasper, 1958). 
EEG was registered with Ag-Cl electrodes in an elastic cap. The ground 
electrode was placed on the forehead and the left mastoid served as reference. 
Electro ocular (EOG) activity was recorded next to and above the right eye. 
Electrode impedance was less than 5 kΩ. Signals were band-pass filtered 
between 0.016 Hz – 100 Hz and recorded digitally (512 Hz sample frequency). 
The EEG was checked for artifacts; epochs were rejected for analysis off-line in 
samples exceeding variances in the EOG channel of 50 mV per second. The 
spectral content of the EEG was determined by Fast Fourier Transformations 
(FFTs; frequency resolution of 1 Hz) with Hanning correction. For each 
measurement, the spectral content was computed for 180 epochs of 1 second of 
the EEG. Subsequently, a grand average was made of the 180 spectral power 
values. The EEG was always recorded during passive wakefulness, three 
minutes with eyes open and three minutes with eyes closed. Thus, for each 
measurement two average power values over 3-min (= 180 epochs) periods were 
computed: one average power value over 3 min with eyes open and one average 
power value over 3 min with eyes closed. We distinguished five frequency 
bands: delta (0-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta1 (13-22 Hz), and 
beta2 (23-30 Hz). Power within bands was summed.  
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Design and procedure. Participants were instructed not to smoke or drink 
coffee or tea before testing. The experiment started at 9.00 and lasted until 13.00 
for all participants. They sat in an upright position in a comfortable chair during 
testing. The distance to the computer screen was approximately 70 cm. 
Participants were randomly divided into four groups: A, B, C, or D. Groups A 
and B formed the mental effort condition, in which the WAIS was presented; 
groups C and D constituted the control condition. First, the EEG was recorded 
three minutes with eyes open and three minutes with eyes closed; the order 
‘open’ and ‘closed’ was counterbalanced across participants. After that, 70 
minutes of intelligence testing (WAIS) followed in the experimental condition. 
In the control condition participants conversed with the experimenter, read 
magazines and listened to quiet music for 70 minutes. EEG measurements were 
then repeated. Finally, the SART (groups B and D) or the Clock Test (groups A 
and C) was presented. EEG-effects were assessed comparing effects both within 
subjects (before – after) and between subjects (experimental – control). 
Behavioral effects were evaluated between subjects only. 
Materials and stimulus presentation. Sustained Attention to Response Task 
(SART): The SART consisted of 225 single digits (25 of each of the nine digits), 
which were presented visually in a 26-, 28-, 36-, and 72-point Courier font on a 
17-inch computer screen, over a 4.3-min period. Stimulus duration was 250 ms; 
the interstimulus interval was 900 ms. All stimuli were presented centrally in 
white against a black background. Every time a digit appeared participants had 
to press a button with their preferred index finger, but they had to withhold a 
response if the digit 3 appeared. Sizes of the digits and the target (‘3’) were 
distributed throughout the 225 trials in a pre-fixed quasi-random fashion. 
Participants were asked to give equal importance to accuracy and speed in 
performing the task. The test session was preceded by a practice session of 18 
digits, in which two targets were presented. For analysis, the task was separated 
into two blocks to analyze decrement scores. 
Clock Test: A clock, presented on the same computer screen as the SART, 
consisted of a circle (radius of 7.5 cm) that was divided into 60 units (60 bars, 
sizes 1 mm x 1 mm) and a stripe (1 mm x 2 mm) that jumped like a second hand. 
In 5 percent of the jumps the stripe made a double jump, which formed the 
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target participants had to respond to by pressing a button with their preferred 
index finger. The complete task consisted of 30 rounds of the stripe. The test 
session was preceded by a practice session of one round of the stripe, in which a 
double jump appeared twice. The task was separated into two blocks to analyze 
decrement scores. 
Manipulation: mental effort. The experimenter administered in a paced 
manner (70 min) the Dutch version of the Wechsler Adult Intelligence Scale 
(WAIS; Wechsler, 1981).  
 
2.1.4 Results 
Statistical analyses. Data were statistically analyzed with repeated measures 
ANOVAs with Bonferroni’s confidence interval adjustments. FFT-data were 
analyzed with a 2 x 2 (Time x Condition) ANOVA. Behavioral data were 
computed with a 2 x 2 (Part of task x Condition) ANOVA.  
Vigilance measures - EEG data: spectral power (FFT). Merely results for 
theta and beta2 are presented (see Table 1), as no relevant effects were found for 
the other bands. Furthermore, results are not presented for Fz, as there were no 
significant effects present. Separate analyses were performed for the situations 
with eyes-closed and eyes-open, as at all electrodes there were significant 
interactions with Eye condition.  
 
Table 1. Theta and beta2 power data for the control and the mental effort 
condition. 
Theta power (in µV2) if eyes were closed 
Electrode  Control t1a Control t2b Mental effort t1 Mental effort t2 
Cz 4.14 (0.29) 4.07 (0.32) 3.70 (0.35) 4.15 (0.38) 
Pz 3.80 (.31) 3.94 (0.34) 3.12 (0.36) 3.85 (0.41) 
O1 2.95 (0.26) 2.90 (0.30) 2.69 (0.31) 3.19 (0.35) 
Beta2 power (in µV2) if eyes were open 
Electrode  Control t1 Control t2 Mental effort t1 Mental effort t2 
Cz 2.40 (0.14) 2.41 (0.15) 2.38 (0.16) 2.68 (0.17) 
Pz 2.15 (0.14) 2.16 (0.14) 2.13 (0.16) 2.38 (0.16) 
a t1 = time 1 (pre-manipulation) 
b t2 = time 2 (post-manipulation) 
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ANOVA results are presented in Table 2. Overall, theta power increased after 
mental effort. Furthermore, mental effort appeared to slightly increase beta2 
power as well. 
 
Table 2. ANOVA results for theta and beta power, in experiment 1 and 2 (exp 1 
and exp 2). 
Exp 1 Electr Eyes Effect 
type 
F-value (p-value) Nature effect, post hoc 
test (p < 0.05) 
Cz, 
Pz, O1 
closed Time x 
Condition 
Between 3.78 (0.060) 
– 9.60 (0.003) 
Cz: Mental effort > control 
Pz, O1: Mental effort: t1 < 
t2 
Theta 
O1 open Time x 
Condition 
4.88 (0.034) Mental effort: t1 < t2 
Beta2 Cz, Pz open Time x 
Condition 
4.29 (0.046), 3.66 
(0.058) 
Mental effort: t1 < t2 
Fz, 
Cz, Pz 
closed Time  Between 7.34 (0.011) 
– 12.77 (0.001) 
Mental effort: t1 < t2 Exp 2 
Theta 
Fz, Pz open Time  18.26 (<0.001), 4.98 
(0.034) 
Mental effort: t1 < t2 
Cz, Pz closed Time 1.90 (0.179), 2.22 
(0.147) 
Mental effort: t1 < t2 Beta2 
Cz open Time 2.02 (0.166) Mental effort: t1 < t2 
 
Behavioral data. One participant was excluded from the control group for 
the SART data (the amount of errors increased greatly during the task, whereas 
errors decreased for all other participants in the control group). In line with our 
hypothesis, the amount of errors on the SART increased more in the mental 
effort condition than in the control condition (Part x Condition interaction, F(1, 
18) = 4.80, p = 0.042); there was a decrement in performance after mental effort, 
but not in the control condition. RTs on the SART were shorter in the second 
part than in the first part, F(1, 17) = 6.54, p = 0.020). There were no effects on 
RT in the Clock Test. More targets were missed in the second than in the first 
part of the Clock Test, F(1, 18) = 8.91, p = 0.008, indicating a vigilance 
decrement. This decrement, however, did not interact with condition.  
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Correlations. Vigilance data were analyzed with Pearson bivariate 
correlations to examine whether behavioral scores were related to theta and 
beta2 power in the EEG (see Table 3). Absolute scores and decay scores (time 2 
-  time 1) were included in the analyses.  
Increases in theta and beta2 power correlated positively in the control 
condition (correlations between r = 0.44, p = 0.050 and r = 0.82, p < 0.001), but 
negatively in the mental effort condition if eyes were closed (correlations 
between r = -0.51, p = 0.050 and r = -0.84, p < 0.001). In general, in the control 
condition a decline in performance on the Clock Test coincided with more theta 
power. In both experimental conditions, the number of errors correlated 
negatively with RTs and positively with theta. In the control group, RTs and 
theta correlated negatively. The number of errors and beta2 correlated 
negatively if eyes were closed in the mental effort condition.  
 
Table 3. Correlations between EEG and performance on vigilance task 
 Theta mental effort Theta control Beta2 mental effort 
Misses 
Clock 
-0.91 < r < -0.87; 0.031 < p < 
0.053 
0.67 < r < 0.81; 0.015 < 
p < 0.047 
 
Errors 
SART 
0.71 < r < 0.81; 0.015 < p < 
0.050 
 -0.88 < r < -0.72; 
0.004 < p < 0.046 
0.74 < r < 0.81; 0.008 < p < 
0.021 
0.74 < r < 0.81; 0.008 < 
p < 0.021 
RT 
Clock 
Pz: r = -0.99; p = 0.015 eyes 
closed; 
r = -0.96; p = 0.018 eyes open 
 
 
RT 
SART 
 -0.88 < r < -0.71; 0.002 
< p < 0.031 
 
 
Additional Experiment 
 
2.1.5 Introduction 
We decided to replicate the EEG-effects of mental effort using a larger group of 
participants, as the effects found were not very robust.  
Participants. Twenty-eight new participants (four men and 24 women; 
mean age 22 years) were subjected to a 40-min mental task condition.  
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Procedure. Recording was identical to the previous experiment. Participants 
were randomly divided into four groups, which only differed with respect to 
time of testing (9 a.m., 11 am, 14 p.m. or 16 p.m.) in order to eliminate possible 
circadian influences. The mental effort task of a previous experiment was used 
(Smit, Eling & Coenen, 2004a). The reason for the change of task was twofold; 
first, we wanted to increase task load (some participants claimed that the WAIS 
was not demanding). Second, we wanted to test whether after-effects in the EEG 
are non-specific with respect to task type. Two types of visual stimuli were 
presented simultaneously in the task: letters (a-z) and grey squares. The letters 
appeared one by one, together with the squares, and were black against a grey 
background. Stimulus duration was 200 ms, the inter stimulus interval (ISI) was 
800 ms. Subjects were asked to push a button with their preferred index finger 
on every occasion the ‘x’ was followed by an ‘a’ and to push a button with their 
non-preferred index finger on every occasion the target square appeared. The 
target square was slightly darker than the nontarget square. The targets were all 
presented 80 times during the task. Participants were instructed to perform as 
fast and as accurately as possible and to give equal weight to both tasks.  
 
2.1.6 Results.  
Theta power increased more robustly, also at Fz, but the increase in beta2 power 
was not significant (see Table 2).  
 
2.1.7 Discussion 
In both experiments theta power in the EEG increased after mental effort, which 
indicates a vigilance lowering (Ballard, 1996; Corsi-Cabrera, Ramos, Lorenzo & 
Guevara, 1996; Matthews, Davies, Westerman, & Stammers 2000; Paus, Zatorre, 
Hofle, & Caramanos, 1997). Furthermore, performance declined on the SART 
after the mental effort task in the first experiment. This decrement is also 
regarded as a vigilance decline (Ballard, 1996; Gillberg & Ǻkerstedt, 1998; 
Gorissen, Tielemans, & Coenen, 1997). The SART was more sensitive than the 
Clock Test for the effects of mental effort. The present results are in line with 
results of studies that measured vigilance during the tasks (Ballard, 1996; Paus, 
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Zatorre, Hofle, & Caramanos, 1997; Pennekamp, Boesel, Mecklinger, & Ott, 
1994). We can conclude that mental effort declines vigilance enduringly.  
Mental effort also tended to increase beta2 power, which is assumed to 
reflect heightened vigilance (Coull, 1998; Paus, Zatorre, Hofle, & Caramanos, 
1997). Kiroy and colleagues (Kiroy, Warsawskaya & Voynov, 1996) also found 
an increase in both theta and beta in participants who had to perform mental 
tasks. They argued that participants tried to compensate their low vigilance 
levels. Alternatively, sustained mental task performance might not only decline 
vigilance, but at the same time also lead to feelings of anxiety, which have been 
associated with increases in EEG-beta power (Knott, Bakish, Lusk, Barkely, & 
Perugini, 1996).  
Theta and beta2 power in the EEG were related to behavioral vigilance 
measures. An increase in theta power coincided with a decrease in performance 
on the vigilance tasks, but with faster RTs on the SART. This latter correlation 
may indicate a switch from controlled (slower) to automatic (faster) processing. 
Less vigilant participants may have responded more automatically and thus 
faster (while making more errors). High levels of beta2 power were associated 
with better performance on the SART.  
In conclusion, the after-effects in EEG and task performance indicated that 
sustained mental effort decreased vigilance enduringly. However, the increased 
beta2 power suggests that some active compensatory processing is still going on, 
despite the lowered level of vigilance.  
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2.2 Experiment 2 Sustained mental effort: Effects on theta activity 
 
2.2.1 Abstract 
Sustained mental effort is considered to lower the level of vigilance. In the EEG, a vigilance 
decline is reflected in theta power increase. Performance studies show that working memory 
tasks lower vigilance most. This has not been confirmed with EEG results; theta power has not 
been found to increase to a greater extent in working memory tasks than in less demanding 
vigilance tasks. We investigated theta power during and after a working memory task and a 
discrimination task. The hypothesis was that theta power should increase most in the working 
memory task. Compared to baseline, theta power was increased during both tasks. There were 
indications that the effects lasted even after the task had ended. In contrast to our hypothesis, 
there was no task difference in averaged background theta power. However, the performance 
data suggested that effort investment was not optimal during the working memory task. 
Therefore, the effects of this task on vigilance might have been less than expected. We conclude 
that vigilance is declined enduringly after sustained mental effort, but we did not find evidence 
that working memory tasks lower vigilance most. Theta activity, which is also related to 
working memory processing itself, might reflect active blocking of information processing. This 
might be beneficial during states of low vigilance, but also in the case of working memory, when 
all irrelevant information should be temporarily blocked from further processing. 
 
2.2.2 Introduction 
Sustained mental task performance is thought to decline vigilance (Ballard, 1996; 
Matthews, Davies, Westerman, & Stammers, 2000). Empirical evidence has 
been found with several vigilance measures. First, performance tends to 
deteriorate with time on task (Ballard, 1996), especially during working memory 
tasks (Smit, Eling & Coenen, 2004a). Second, subjective alertness is generally 
decreased after sustained mental effort (Aeschbach et al., 1999; Ǻkerstedt & 
Folkard, 1995; Smit, Eling & Coenen, 2004a). The third line of evidence comes 
from EEG research. Theta power in the EEG is considered to reflect lower 
levels of vigilance (Coenen, 1995; Ogilvie, Simons, Kuderian, MacDonald, & 
Rustenburg, 1991). During sustained task performance, theta power is known to 
increase (Ǻkerstedt & Folkard, 1995; Coull, 1998; Matthews, Davies, 
Westerman, & Stammers, 2000; Parasuraman, 1998; Paus, Zatorre, Hofle, & 
Caramanos, 1997). 
The reason for the fact that mental effort decreases vigilance might be the 
continuous allocation of energy or resources. Declines in vigilance performance 
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can be explained in terms of resource usage (Hoffman, Sherrick, & Warm, 1998; 
Matthews & Davies, 2001). According to a resource view, vigilance drops 
during sustained task performance because we need continuous energetic supply 
or resources, which are limited in their availability (Wickens, 1984). Resources 
are especially needed if tasks become more difficult and require more 
processing (Parasuraman, 1985; Smit, Eling & Coenen, 2004a). Indeed, working 
memory tasks – which are highly demanding – cause the steepest decline in 
vigilance performance. However, these performance results have not been 
corroborated with EEG findings. If working memory tasks indeed lower 
vigilance most, they should cause the greatest increase in theta power. 
In this study, we compared theta power enhancement both during and after 
tasks of low and high processing load. We compared a simple discrimination 
task with a demanding n-back task. We predicted that theta power would be 
greater in the n-back task condition. Because of the high working memory 
demand, this task needs sustained allocation of resources, which should 
eventually lead to lower vigilance. Therefore, theta power was predicted to 
increase most during the working memory task. After task performance, theta 
power was expected to endure, as the vigilance decline probably persists. 
 
2.2.3 Method 
Participants. Thirty-eight healthy students (2 men and 36 women; average 
age 23 years) volunteered. They were paid 18 euros for their participation or 
fulfilled a course requirement. 
Design and procedure. The experiment lasted from 9.00 a.m. until 12.00 or 
from 14.00 until 17.00 p.m. Time of day for testing was randomly assigned to 
participants, who were also randomly divided into two groups: the n-back task 
group (n = 18) or the discrimination task group (n = 20). First, the EEG was 
measured with eyes closed (2 minutes) and eyes open (2 minutes). The order of 
closed and open was counterbalanced across participants. This was followed by 
a 35-min sustained attention task, either a discrimination or an n-back task, 
during which the EEG was also recorded. After the task, the EEG was measured 
during rest again: 8 minutes with eyes open and 8 minutes with eyes closed. The 
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longer measurement period was chosen in order to investigate potential waning 
of EEG-effects after task performance. 
EEG recording. Electrodes were placed at Fz, Cz, Pz, F3, F4, C3, C4, P3, 
P4, O1, and O2 (Jasper, 1958). EEG was registered with Ag-Cl electrodes in an 
elastic cap. The ground electrode was placed on the forehead and the left 
mastoid served as reference. Electro-ocular activity was recorded next to and 
above the right eye. Electrode impedance was less than 5 kΩ. Signals were 
band-pass filtered between 0.016 Hz – 100 Hz and recorded digitally (512 Hz 
sampling frequency). The EEG was checked off-line for artifacts. Epochs (2 
seconds) were rejected for analysis if the following criteria were met with 
respect to the EOG: exceeding variances of 45 µV within 150 ms, and voltage 
steps in consecutive samples of above 25 µV. 
Fast Fourier Transformations (FFTs). The FFT was used to compute 
average spectral contents in the ongoing EEG. The EEG was divided into blocks 
in order to investigate whether theta power increased during the task and 
decreased again after task performance. The spectral content of the EEG was 
determined by FFTs (frequency resolution of 0.5 Hz), with Hanning correction. 
Spectral content of the EEG was calculated for each consecutive 2 seconds. 
Subsequently, for each time interval of interest one grand average was made of 
the 2-seconds spectral power values. For the baseline measurement two average 
power values were computed (each over 2 minutes, thus consisting of 60 power 
values each): one average power value with eyes open and one with eyes closed. 
For the post-task measurements, 8 average power values were computed (60 
power values each): four average values with eyes open and four with eyes 
closed. For the EEG during task performance, separate average power values 
were computed over three 10-minute periods. The first and last 2.5 minutes of 
the 35-minute tasks were left out of analyses, and the remaining 30 minutes 
were divided into the three 10-minute blocks (i.e. 300 power values in each 10-
min. block). We distinguished five frequency bands: delta (1-3.5 Hz), theta (4-
7.5 Hz), alpha (8-12.5 Hz), beta1 (13-22.5 Hz), and beta2 (23-30 Hz). Power 
within bands was averaged. 
Materials and stimulus presentation. N-back task. The stimuli consisted of 
1200 single digits, which were presented centrally in the middle of a 17-inch 
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computer screen, over a 35-min period. Each digit was presented for 500 ms and 
was followed by a fixation cross that was either 1000, 1250 or 1500 ms in 
duration; the three different durations were randomly divided over all stimulus 
intervals. Together with this first digit, a second digit was presented 2 cm below 
the first digit. Appearance of this digit was time-locked to the appearance of the 
digit in the middle of the screen. Participants were asked to pay attention only to 
the digit in the middle of the computer screen and to press a button every time a 
digit appeared that was equal to the penultimate. Thus, if the digits 2, 3, 2 were 
presented consecutively, the second “2” would be a target, as it is identical to 
the digit before the previous. In total, there were 180 targets. Participants were 
asked to give equal importance to accuracy and speed in performing the task. 
All stimuli were presented in black against a grey background. The test session 
was preceded by a practice session of 18 digits, in which two targets were 
presented. For performance analysis, the task was separated into two blocks (i.e. 
600 digits each) to analyze decrement scores. 
Discrimination task. Stimulus presentation was identical to the n-back task, 
but the instruction was different. Participants were asked to pay attention to both 
digits that appeared together on the screen. They were asked to press a button 
every time the two digits were identical. Participants were asked to give equal 
importance to accuracy and speed in performing the task. 
 
2.2.4 Results 
Eight separate time intervals were used for FFT analyses: one averaged FFT of 
the baseline (pre-task) rest condition (eyes open), three averaged FFTs during 
task presentation, and four averaged FFTs of the post-task rest condition (eyes 
open). FFT-data were analyzed with 8 x 11 (Time x Electrode) repeated 
measures  ANOVAs with Bonferroni correction, with Task type (discrimination 
and n-back) as between subject factor. See Figure 1 for power spectra at Fz. For 
some participants, a few data points that were lacking due to artifacts were 
replaced by its group mean. This replacement by the mean was done in less than 
3.5 % of all data points. Results for alpha and beta2 are not reported, as there 
were neither main Time or Task type effects, nor any interactions. 
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Figure 1. FFT during rest and task performance (average over both tasks), at Fz. 
 
EEG-data: spectral power (FFT). Delta absolute power: There was a main 
effect of Electrode, F(1,25) = 7.68; p = 0.007: There was less delta power at O1 
and O2 than at all other sites, except F4; there was more delta power at Fz and 
F3 than at all other sites, except Cz, Pz and F4; there was more delta at Pz than 
at C4, P3, and P4; more delta at C3 than at C4, and P4; more at P3 than at P4; 
and more at O1 than at O2 (all p-values < 0.05). There was a main Time effect, 
F(4,74) = 18.90; p < 0.001: There was more delta power during the three task 
blocks than during the pre-test baseline rest condition and all four post-task rest 
blocks (all p-values < 0.05). In sum, absolute delta power was greatest at frontal 
sites and smallest at occipital sites and delta power was increased during task 
performance. 
Theta absolute power: We expected to find a greater theta enhancement 
during and after the working memory task than the discrimination task. There 
was a main Electrode effect, F(3,51) = 48.81; p < 0.001: Theta power was 
greater at Fz than at all other sites, except at Cz. At Cz, there was more theta 
power than at all other sites, except at the three frontal sites. At F3, theta power 
was greater than at all other sites but Fz, Cz and F4. Theta power was greater at 
Pz than at P3, and P4. There was more theta power at F4 and C3 than at C4, P3, 
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and P4. At C4 and P3, there was more theta power than at P4. There was less 
theta power at O1 and O2 than at all other sites and there was less theta at O2 
than at O1 (all p-values < 0.05). A main Time effect was present, F(4,87) = 
16.44; p < 0.001: Theta power was greater during all three task blocks than 
during the pre-task rest block and the post-task rest block (all p-values < 0.05); 
the only non-significant difference was between the first task block and the third 
post-task block. Although theta power appeared to increase over the task (see 
Figure 2), this increment was not significant. There was a Time x Electrode 
interaction, F(10,200) = 5.40; p < 0.001. Additional Time analyses per electrode 
site revealed similar Time effects for all electrodes, but these were less robust at 
occipital and parietal sites. In sum, absolute theta power was greatest at the 
frontal sites and over the midline sites, theta was higher during the tasks, but to a 
lesser extent at occipital and parietal sites. 
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Figure 2. Absolute theta power before task performance, during task 
performance (3 blocks) and after task performance (4 blocks), averaged over all 
electrode sites. 
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There was no significant increase in theta power compared to baseline after 
task performance had ended. However, there did appear to be a trend (see Figure 
2). As participants blinked very often after the task was ended, many EEG 
epochs needed to be rejected due to artifacts. Therefore, separate analyses were 
performed for the eyes closed condition, during which much less artifacts were 
present. Data were analyzed with 5 x 11 (Time [1 pre task and 4 post task blocks] 
x Electrode) repeated measures  ANOVAs with Bonferroni correction, with 
Task type (discrimination and n-back) as between factor. Due to a nearly 
significant Electrode x Time interaction, F(5,156) = 2.28; p = 0.051, separate 
analyses were performed per electrode position. No significant effects were 
found on Cz , Pz, F3, C3, P3, P4, O1, and O2. At Fz, there was a main effect of 
Time, F(2,68) = 3.63; p = 0.031: Theta power tended to be smaller at baseline 
than during all four post task blocks, but effects were not significant after 
Bonferroni-correction (p-values between p = 0.14 and p = 0.26). At F4, there 
was a main effect of Time, F(4,113) = 3.66; p = 0.010: Theta power tended to be 
greater during all four post task blocks than at baseline, but after Bonferroni 
correction the only significant difference was with post task block 3 (p = 0.049). 
At C4, there was a Task type x Time interaction, F(2,80) = 2.94; p = 0.047. 
Additional analyses per task type revealed that baseline theta was smaller than 
in the fourth post task block in the discrimination group (p = 0.045), and tended 
to be smaller than in the third post task block in the n-back group (p = 0.070). In 
sum, theta power in the eyes closed situation was enhanced enduringly after 
both tasks: frontally on the midline and right side and centrally on the right side. 
Beta1 absolute power: A main Time effect was present, F(4,77) = 3.39; p = 
0.014: There was more beta1 power in the first task block than in the pre-task 
rest block (p = 0.031). 
Behavioral data. Task data were analyzed with univariate ANOVAs with 
Part (first or second part) as within factor and Task type as between factor. More 
targets were missed in the n-back than the discrimination task, F(1,33) = 40.17; 
p < 0.001. More targets tended to be missed in the second than in the first part of 
the tasks, F(1,33) = 3.11; p = 0.087. More false alarms were made in the n-back 
than the discrimination task, F(1,33) = 43.46; p < 0.001. More false alarms were 
made in the first than in the second part of the tasks, F(1,33) = 5.84; p = 0.021. 
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Reaction Times (RTs) were slower in the n-back task than in the discrimination 
task, F(1,33) = 30.71; p < 0.001. RTs were slower in the second than in the first 
part of the tasks, F(1,33) = 8.51; p = 0.006. 
 
2.2.5 Discussion 
As sustained mental effort is expected to decrease vigilance, we hypothesized 
that theta power would increase during the tasks. Indeed, theta power was higher 
during task performance than during the baseline condition, which is in line with 
results of others (Ǻkerstedt & Folkard, 1995; Paus, Zatorre, Hofle, & 
Caramanos, 1997). Therefore, sustained mental effort does seem to enhance 
EEG activity that has been related to a decline in vigilance. Furthermore, we 
expected theta to increase further during the task, as vigilance probably 
continuously drops over the task (Ǻkerstedt & Folkard, 1995; Coull, 1998; 
Matthews, Davies, Westerman, & Stammers, 2000; Parasuraman, 1998; Paus, 
Zatorre, Hofle, & Caramanos, 1997). However, the trend of increasing theta 
during the task, which was visible in the FFT, was not statistically significant. 
We hypothesized that an increase in theta power would last after task 
performance itself had ended, as the vigilance lowering after mental effort is 
expected to endure. We have found this endurance in a previous study (Smit, 
Eling & Coenen, 2004b). Although there appeared to be a trend of lingering 
theta power enhancement after task performance had ended, no significant 
effects were found for the eyes open situation. On the other hand, there was a 
theta enhancement after task performance in the eyes closed situation. Hence, 
theta increments after mental effort therefore seem to be more pronounced if 
eyes are closed (see also Smit, Eling & Coenen, 2004b). This might be a 
consequence of the fact that there are more artifacts in the eyes open condition, 
so that the signal to noise ratio is worse in this situation. There still was a trend 
towards greater theta power at the end of the fourth post task block. 
A greater theta increase during the n-back task was expected, but there was 
no significant difference in theta power increase between the discrimination task 
and the n-back task. Behavioral experiments have shown that the largest 
vigilance decrement is present during tasks with high cognitive load, especially 
in working memory tasks (Smit, Eling & Coenen, 2004a). We expected the 
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vigilance decline to be steep, but the theta enhancement was rather small. In 
fact, performance results did not reveal a major decrement either. Although 
there was a difference in overall performance, the decrement in performance in 
the present study was similar for the two tasks, which is not in line with 
previous performance studies (Smit, Eling & Coenen, 2004a). It might be that 
participants did not do their utmost during the n-back task. Therefore, although 
the original task demands differed, the actual effort participants invested may 
have been rather similar over tasks. That is to say, processing demands were 
higher in the n-back task, but participants may have had less stringent task goals 
and thus used a different strategy, which allowed them to put in less effort than 
the task required. Consequently, due to lack of effort their overall performance 
was worse, but their performance did not decline massively. If this was indeed 
the case, the difference between tasks may have been too small to yield 
differential effects. The importance of strategy has been reported in a previous 
study, which showed that participants needed to be explicitly instructed in order 
to make sure they used their processing resources to the fullest. Low effort 
investment would also explain why the increment in theta power during the task 
was too small to be significant. 
Theta power increments during task performance have also been found in 
research areas outside of the vigilance domain. In fact, a short-term or phasic 
increase has been found in situations of high cognitive load. A phasic increase in 
theta power has been reported in memory tasks in particular (Burgess & 
Gruzelier, 2000; Kahana, Seelig & Madsen, 2001; Raghavachari et al., 2001; 
Tesche & Karhu, 2000). In this area of research, theta power is associated with 
better behavioral performance (Klimesch; 1999; Laukka, Järvilehto, Alexandrov 
& Lindqvist, 1995; Pennekamp, Boesel, Mecklinger & Ott, 1994). Instead of 
suggesting that there are two distinct manifestations of theta, the most 
parsimonious explanation would be to propose one underlying function that is 
reflected by theta. One option might be that theta activity reflects blocking of 
cognitive processing. During a state of low vigilance, information processing 
might be blocked to a great extent. In the case of actual cognitive processing, 
most incoming information might temporarily be blocked from further 
processing, so that the cognitive processing that is related to the task can 
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proceed without disturbance. Klimesch et al (2000) also mentioned a similar 
role for theta with respect to memory research, pointing out that theta activity 
might be involved in processes of “cortical deactivation”.1 
In conclusion, sustained mental effort increased theta power and there were 
indications the effects tended to linger for at least eight minutes after the task 
itself had ended. We conclude that vigilance is declined enduringly after 
sustained mental effort. There was no difference in theta enhancement between 
two tasks that differed in working memory processing demands. Behavioral 
results pointed out that participants may have invested less effort during the 
highly demanding task than the task actually required. We discuss the possibility 
that theta power may reflect blocking of information processing. 
                                                 
1 We are currently computing stimulus-locked changes in this dataset by means of wavelet-based 
Time-Frequency Representations, in order to directly investigate phasic changes in theta and 
other frequency bands. 
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Chapter 3 Vigilance effects of mental effort: Performance measures 
 
3.1 Experiment 3 Mental effort causes vigilance decrease due to resource 
depletion1 
 
3.1.1 Abstract 
The resource view on vigilance performance was tested. First, a low demanding task was 
compared with a similar low demanding task in which stimulus presentation was less 
monotonous due to added, irrelevant, stimuli. The resource view, maintaining that vigilance is 
lowered by hard mental work, predicts that addition of irrelevant stimuli will not affect 
performance. The classic arousal theory, however, states that arousal drops due to monotonous 
stimulus presentation and predicts that decreasing monotony will enhance performance. Results 
showed that performance was unaffected by added stimuli. Second, we tested whether a high-
demanding task (with identical stimulus presentation as the low demanding task, but different 
instruction) would cause a greater decline in performance than the low demanding task. Indeed, 
in the high-demanding task performance was affected most. In sum, it appears that vigilance 
decreases due to hard mental work, which requires many resources. Both overall performance 
and decrement in performance can be explained in terms of resources, and this suggests that 
vigilance tasks should be resource-demanding tasks, which do not have to be of long duration. 
 
3.1.2 Introduction 
Performance on sustained attention tasks is known to decrease with time on task. 
One of the first theories that sought to explain this decrement was the arousal 
theory, a derivative of arousal theories on general human performance (see e.g. 
Eysenck, 1982). This approach argues that the decrement in performance is due 
to lack of stimulation, needed to maintain alertness at a required level (Ballard, 
1996; Eysenck, 1982). More specifically, it assumes that a state of vigilance 
cannot be maintained under conditions of repetitive stimulation (Parasuraman, 
1985), due to perceptual habituation (Mackworth, 1969; Stroh, 1971). 
Mackworth maintained that monotonous stimulus presentation causes 
habituation. This, in turn, decreases arousal and thus results in a performance 
decrement (Mackworth, 1969). The arousal theory predicts that a greater 
                                                 
1 Published in: Smit, A. S., Eling, P. A. T. M., & Coenen, A. M. L. (2004). Mental effort causes 
vigilance decrease due to resource depletion. Acta Psychologica, 115, 35-42. 
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complexity of the stimulus situation results in a smaller decrement, which has 
indeed been found (see Stroh, 1971, for an overview).  
Some findings do not corroborate the arousal theory’s predictions. First, 
arousal primarily affects overall performance, rather than performance 
decrement (Jewett, Dijk, Kronauer, & Dinges, 1999; Parasuraman, 1998). 
However, decrement effects have been found in some studies (Smit, Eling & 
Coenen, 2002). Second, participants report a substantial processing load during 
vigilance tasks (Hoffman, Sherrick & Warm, 1998). This suggests that vigilance 
tasks are not merely boring, but can be mentally demanding. 
Another explanation for vigilance decrements may be found in the resource 
or capacity view on performance. Resource models have been considered in the 
literature on general performance (Parasuraman, 1998; Wickens & Kessel, 
1980), but can also be applied to sustained attention or vigilance research (see 
Matthews & Davies, 2001; and Warm & Dember, 1998). The resource view 
(Wickens, 1984) asserts that energy or resources are needed during task 
performance and these resources are limited in their availability.  
Especially controlled processes, in contrast to automatic processes, require 
resources (Parasuraman, 1985). Furthermore, as tasks become more difficult, 
they require more resources (Wickens, 1984). In dual-tasks, often used to test 
resource models, performance is indeed worse than in single tasks in some 
studies (Gorissen & Eling, 1998; Matthews, Davies, Westerman & Stammers, 
2000). However, interpretation is hindered by the fact that not only instructions 
are dissimilar between tasks, but usually also the amount and nature of stimuli. 
Direct comparison of dual and single tasks is problematic as long as these 
variables are not held constant.  
Prolonged performance on tasks is thought to deplete the pool of resources 
(Parasuraman, 1985), but it is not exactly clear how this depletion works 
(Matthews, Davies, Westerman, & Stammers, 2000). Unfortunately, cognitively 
demanding tasks have rarely been used in studies on sustained attention 
performance (Matthews & Davies, 2001). Task difficulty in this field of research 
is generally manipulated by decreasing discriminability of stimuli (Parasuraman 
& Mouloua, 1987). Cognitively demanding tasks have been used in the form of 
dual-tasks, but, as stated above, comparison with single tasks have been 
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problematic due to differences between single and dual-tasks with respect to the 
nature and amount of presented stimuli. This experiment was conducted with the 
aim of directly testing resource view predictions with respect to long-term 
performance on a cognitively demanding task, which is directly compared with 
an equivalent, but low demanding task.  
We examined whether additional irrelevant stimuli influence performance. 
A simple task was compared with a similar simple task that only differed with 
respect to occasional presentation of irrelevant stimuli. According to the 
resource view, additional stimuli should either have a small detrimental effect or 
no effect at all if they are properly ignored. The arousal theory predicts that 
these additional stimuli, since they decrease monotony in stimulus presentation, 
should lead to a smaller decrement in performance. We then directly tested the 
resource prediction that vigilance is declined most in a complex task that 
requires many processing resources. Stimulus presentation in the complex task 
was identical to the task with additional stimuli, in order to make direct 
comparison possible. Merely the instructions changed. 
 
3.1.3 Method  
Participants. Seventeen students (3 men and 14 women; mean age 21 years) 
participated and signed an informed consent. They fulfilled a course requirement 
or received € 20, - for partaking.  
Design and procedure. There were four conditions of 50 minutes each: a 
control condition (in which participants conversed with the experimenter and 
read magazines); a simple low demanding task (sLDT) condition; a composite 
low demanding task (cLDT) and a high-demanding task (HDT) condition. 
Participants were subjected to all conditions.  
Each condition was followed by the next a week later. Time of day for 
testing and day of the week was held constant within subjects. The order of 
conditions was counterbalanced (balanced Latin Square) over subjects. In each 
condition participants started by filling in the Thayer scale, then they were 
subjected to one of the 40-min mental tasks or the control condition and finally 
ended with filling in the Thayer scale again.  
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Material and stimulus presentation. In the sLDT letters (a-z) appeared one 
by one, in the middle of the computer screen in a quasi-random pre-fixed order 
(Arial font, size 24): two targets per minute. Stimulus duration was 200 ms, the 
inter stimulus interval (ISI) was 800 ms. Total number of stimuli was 2400. 
Total duration of the task was 40 minutes. The letters were black against a grey 
background. Subjects were asked to push a button as quickly as possible when 
an ‘a’ appeared, but only if this ‘a’ was preceded by an ‘x’. The target letter 
sequence (x-a) was presented 80 times. The target sequences were never 
presented directly after each other. 
In the cLDT the stimuli of the sLDT were presented, together with two 
other types of stimuli. Firstly, a grey square (2 cm by 2 cm) appeared 2 cm 
below the letter, with identical presentation durations and ISIs. Squares were 
either light grey (80 in total) or dark grey (2320 in total). Secondly, tones were 
presented together with the visual stimuli, with identical stimulus durations and 
ISIs. The presentations of letters and squares were linked. There were tones of 
1500 Hz (80 in total) and of 1530 Hz (2320 in total). Subjects were asked to 
push a button as quickly as possible when an ‘a’ appeared, but only if it was 
preceded by an ‘x’ and they were instructed to ignore the tones and squares. The 
target letter sequence (x-a) appeared 80 times.  
HDT: stimulus presentation was identical to the cLDT, but the instruction 
differed. Participants had to push a button with their preferred index finger when 
the ‘a’ appeared, but only if it was preceded by an ‘x’, and they had to push 
another button with their non-preferred index finger if a target square appeared: 
the target square was slightly darker than the non-target squares. They had to 
ignore the tones. Participants were instructed to perform as fast and as 
accurately as possible and to give equal weight to both tasks. All targets 
appeared 80 times.  
We constructed the task in such a way that the mere change of instructions 
could totally change the nature of the task and thus the required amount of 
processing resources. Knowledge of results was not given in any task. All task-
data were divided into two equal segments (part 1 and part 2), in order to 
measure a possible decrement in performance (misses, false alarms, and 
Reaction Times [RTs]). 
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Subjective alertness was measured with a paper-and-pencil version of the 
Thayer Scale (Thayer, 1978). This scale entails four factors: general 
deactivation, sleep, high activation (ha), and general deactivation. Together, the 
factors are assumed to measure subjective alertness. 
 
3.1.4 Results 
Statistical analyses. Data were analyzed with repeated measures ANOVAs 
with Bonferroni’s confidence interval adjustments and Pearson’s bivariate 
correlations. Task data were analyzed with a 3 x 2 (Condition x Part) ANOVA; 
there are only 3 conditions in this ANOVA, as the control condition did not 
include performance data. Subjective data were computed per dimension of the 
Thayer Scale and analyzed with a 4 x 2 (Condition x Time: before and after task) 
ANOVA.  
Task data. For performance data, see Table 1. For RTs, a main effect of 
Task type was found, F(2,32) = 3.79; p = 0.036: RTs tended to be longer for the 
HDT than for the sLDT, p = 0.085.  
 
Table 1. Performance data of the three task conditions. 
Task RT in ms 
part 1 
RT part 2 Misses  
part 1 
Misses  
part 2  
False alarms 
part 1 
False alarms 
part 2 
sLDT* 353 (16)** 353 (16) 0.8 (0.3) 0.8 (0.3) 0.5 (0.2) 0.4 (0.2) 
cLDT* 360 (16) 366 (17) 0.8 (0.3) 0.5 (0.2) 0.4 (0.2) 0.5 (0.2) 
DT*: 
letter  
366 (16) 386 (15) 1.5 (0.41) 1.35 (0.51) 0.71 (0.19) 0.59 (0.31) 
HDT*:  
square   
600 (11) 603 (15) 2.94 
(0.60) 
5.18 (1.57) 2.24 (0.72) 1.24 (0.39) 
*Total amount of stimuli per task: 2400; total amount of targets per task: 80 (in the HDT: 2 x 80 
stimuli) 
**(standard error) 
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There was a nearly significant trend towards a Task type x Part interaction, 
F(2,32) = 9.06; p = 0.066. Post hoc tests showed that there was an increase in 
RTs from the first to the second part, which however was confined to the HDT 
condition (p = 0.026). 
No effects were found on the amount of misses and false alarms. We 
subsequently divided the data into 4 blocks of 10 minutes each. The Task type x 
Part interaction for RTs did not reach significance. For the amount of misses and 
false alarms still no significant results were found. There was, however, a nearly 
significant trend towards a main effect of Task type for misses, F(2,32) = 3.52; 
p = 0.052: Participants tended to miss more targets in the HDT, but this trend 
was eliminated by a Bonferroni correction. 
Additionally, we compared the letter and square task data (see Table 1). RTs 
were longer to the square target than to the letter target, F(1,16) = 163.46; p < 
0.001 and more square targets were missed, F(1,16) = 8.14; p = 0.011. More 
false alarms occurred in the square task than for the letter task, F(1,16) = 5.36; p 
= 0.034. With respect to errors, there was a Condition x Part interaction, F(1,16) 
= 9.32; p = 0.008. There was no significant difference between part 1 and 2 for 
letter targets. In the square task, more errors were made in part 2 than in part 1, 
F(1,16) = 5.36; p = 0.034. 
Thayer scale data. There was a main effect of Condition for general 
deactivation, F(3,48) = 6.87; p = 0.001: Scores were lower in the cLDT 
condition than in the HDT (p = 0.002). There was a main effect of Condition for 
sleep, F(3,48) = 6.00; p = 0.001: Scores were lower in the control condition than 
in the sLDT condition (p = 0.013). Sleep scores were lower at time 1 than at 
time 2, F(1,16) = 39.07; p < 0.001. There was also a Condition x Time 
interaction, F(3,48) = 5.21; p = 0.004. Post hoc analyses showed that sleep 
increased in all conditions (p-values between 0.042 and 0.0001), but not in the 
control condition (p = 0.23). There was a main Condition effect for general 
activation, F(3,48) = 6.80; p = 0.001: Scores were higher in the sLDT (p = 0.011) 
and HDT (p = 0.038) than in the control condition. General activation scores 
were higher at time 1 than at time 2, F(1,16) = 34.95; p < 0.001. There was a 
Condition x Time interaction, F(3,48) = 4.63; p = 0.001. Post hoc analyses 
showed that there was no significant change in General activation in the sLDT 
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and the control condition, but General activation decreased in the cLDT (p = 
0.003) and the HDT (p < 0.001). No effects were found on high activation 
scores. 
 
3.1.5 Discussion 
Contrary to the arousal theory prediction, performance remained stable 
throughout the sLDT and cLDT, no decrement was found. Although it is often 
stated that vigilance tasks need to last long, decrements have been reported in 
tasks that have durations of less than 10 minutes (Robertson, Manly, Andrade, 
Baddeley & Yiend, 1997). A 30-minute duration is usually sufficient to yield 
decrement effects (Matthews, Davies, Westerman, & Stammers, 2000). The fact 
that complexity of the stimulus situation had no effect is in line with results of 
others (Lanzetta, Dember & Warm, 1987). Even though there were no 
performance effects, the cLDT – and not the sLDT – caused the steepest decline 
in subjective alertness. This, again, is in conflict with the arousal theory. In 
contrast, all results are consistent with the resource view. 
RTs increased during the HDT, indicating a vigilance decrement. In the 
square task of the HDT RTs were also slower, more targets were missed and the 
amount of errors increased in the second part of the task. In general, 
performance was worse in the high demanding task condition. The decrement in 
performance suggests that resources are depleted if performance is sustained. 
Similar results indicating resource depletion have been found by others 
(Matthews, 1996; Matthews & Davies, 2001; Parasuraman & Mouloua, 1987). 
Subjective alertness was reduced after all tasks, but especially in the HDT 
condition. These results are in line with a resource view; mentally demanding 
tasks need great supply from resources, sustaining task performance may deplete 
resources and this depletion may cause alertness to drop. In line with this view, 
Matthews and Davies (2001) have argued that subjective alertness may be a 
marker for availability of resources. 
The present results suggest that the resource view can also be applied to 
sustained performance. Although a distinction is usually made between selective 
and sustained attention (Ballard, 1996), we suggest that processes of both forms 
of attention are similar. In line with this suggestion, Parasuraman already 
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indicated in 1985 that both processes are probably closer linked than has often 
been suggested.  
Decrements in performance are usually not ‘true’ drops in vigilance (Craig, 
1987), but due to strategic changes; a person’s tendency to push a button may 
decrease after some time of performing a task (Howland, 1958; Parasuraman, 
1998). This implies that there is a decline in the amount of hits, but also in the 
amount of false alarms. A changing tendency to respond is called a shift in 
response criterion (Howland, 1958; Parasuraman, 1998), or β in terms of the 
Signal Detection Theory (SDT). Sometimes, however, a decline in performance 
is due to a ‘true’ drop in sensitivity, or d’ in SDT-terms. This drop is usually 
apparent in tasks that meet certain criteria. One of those criteria is high cognitive 
load (Craig, 1987; Parasuraman, 1998). By means of Hannay’s (1986) adapted 
version of the classic response bias measure, using curve criteria, we calculated 
whether the tendency to respond changed from part one to part two in the tasks 
used. Curve criteria were between 0.95 and 0.98 for all parts of the tasks 
(including the square task), thus response tendencies did not change. Hence, the 
decrements in performance in this study were genuine drops in sensitivity.  
In the literature on sustained attention, the overall level of performance and 
the decrement in performance are generally thought to be regulated by separate 
mechanisms (Matthews, Davies, Westerman, & Stammers, 2000; Parasuraman, 
Warm & See, 1998). In this study, the greatest decrement in performance 
occurred in the task that also showed the worst overall performance. Hence, we 
suggest that both the overall level of performance and the decrement in 
performance can be explained by the resource view on performance, at least as 
far as highly demanding tasks are concerned in which the decrement is caused 
by a drop in sensitivity. This suggestion of diminishing resources in sustained 
task performance was already made by Parasuraman (1985) and by Matthews 
and Davies (2001). A meta-analysis of sensitivity decrements also suggested 
that processing load of a vigilance task controls both overall performance and 
the decrement (See, Howe, Warm & Dember, 1995).  
The classic vigilance task is a boring task of long duration. Nowadays, this 
type of task is still popular (Ballard, 1996; Pennekamp, Boesel, Mecklinger & 
Ott, 1994; Bushnell, 1998). In the classic tasks, however, the decrement might 
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be due to a shift in response criterion, and may not be caused by a genuine drop 
in vigilance. In many recent studies tasks are used that are mentally demanding 
(Ballard, 1996; Jewett, Dijk, Kronauer, & Dinges, 1999; Matthews & Davies, 
2001; Parasuraman & Mouloua, 1987) and these tasks are often of shorter 
duration. The present results and results of others (Craig, 1987; Matthews, 1996; 
Matthews & Davies, 2001; Parasuraman & Mouloua, 1987) strongly suggest 
that a resource view on vigilance can account for the performance effects in 
demanding tasks of any duration. Hence, we suggest that true decrements in 
vigilance are present whenever high amounts of resources are required 
continuously. Consequently, we propose that it is not task duration per se, but 
rather resource demands that determine vigilance performance.  
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3.2 Experiment 4 Cognitive load exceeds monitoring load: Effects on vigilance 
performance 
 
3.2.1 Abstract 
Recently, mentally demanding tasks have been used as vigilance tasks. It is assumed that 
performance depends on processing resources, which are limited in availability and wane if 
usage is sustained. In line with this resource view, cognitively demanding tasks should affect 
performance most. In a first experiment, we examined vigilance by means of monitoring tasks, 
which require detection of target stimuli, and working memory tasks. There were simple and 
complex variants of both types of tasks. The complex tasks, especially the working memory 
task, yielded the worst performance. However, the results did not unequivocally corroborate the 
resource view, as participants seemed to change their strategies during the most demanding 
tasks. In a second experiment, we tested whether performance drops on working memory tasks 
can occur without strategy changes. Each participant was instructed to persistently use one of 
three different predetermined strategies. Results of experiment 1 were replicated: Performance 
was worst and declined on the working memory and complex tasks. Furthermore, working 
memory tasks did not yield strategy shifts. The monitoring tasks, however, still yielded strategy 
changes, despite the explicit instruction to maintain one strategy throughout the task. 
Additionally, subjective alertness was sensitive for resource expenditure. In conclusion, 
resources are used most in cognitively demanding tasks, but strategies may change during the 
task if demands are set too high. If resources are used continuously, performance deteriorates 
and subjective alertness drops. 
 
3.2.2 Introduction  
The classic vigilance task is a monotonous task of long duration that requires 
little mental processing, and is considered to be unexciting (Mackworth, 1969; 
Stroh, 1971). This classic task is still used in many studies (Bushnell, 1998; 
Pennekamp, Boesel, Mecklinger & Ott, 1994). However, a different type of task 
is also applied. This type of task is mentally demanding (as opposed to boring) 
and is often of shorter duration (Jewett, Dijk, Kronauer, & Dinges, 1999; 
Matthews & Davies, 2001; Parasuraman & Mouloua, 1987; Smit, Eling, & 
Coenen, 2004a). 
The underlying assumption of mentally demanding vigilance tasks is a 
resource view on vigilance performance: Resources are needed during task 
performance and are limited in their availability (Wickens, 1984). Moreover, 
they tend to wane when usage is sustained (Matthews, Westerman & Stammer, 
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2000; Parasuraman, 1985). Resources are especially required in controlled 
processing (Parasuraman, 1985) and when tasks become more difficult 
(Wickens, 1984; Wickens & Kessel, 1980). As a matter of fact, many results 
corroborate the resource view (Craig, 1987; Matthews, 1996; Matthews & 
Davies, 2001; Smit, Eling, & Coenen, 2004a). Focus of vigilance research has 
not been on overall levels of performance, but especially on performance 
decrements. These decrements are particularly found if fast event rates are 
combined with high cognitive load, or with low signal salience. All these 
findings point towards a cumulative demand on resources (Parasuraman, 1979; 
Parasuraman & Mouloua, 1987; See, Howe, Warm & Dember, 1995). 
Dual-tasks have often been used to test the resource view’s predictions and 
these tasks have indeed been shown to yield worse performance than single 
tasks (Gorissen & Eling, 1998; Matthews, Davies, Westerman & Stammers, 
2000; Smit, Eling & Coenen, 2004a). The fact that dual-task performance is 
usually worse suggests an attentional problem; dividing one’s attention between 
two tasks might form the “bottleneck”. 
On the other hand, some results indicate that, independent of task type, task 
complexity affects performance (Gorissen & Eling, 1998). Indeed, the 
importance of task difficulty or complexity was already mentioned by Wickens 
(1984). Therefore, it might not be attention per se, but a high cognitive load that 
worsens performance. Increasing resource use can be accomplished by varying 
task types. In attentional tasks monitoring is essential. However, in highly 
cognitive tasks, such as working memory (WM) tasks, there is a much greater 
demand on central processing. Therefore, cognitively demanding tasks should 
yield the worst performance. Moreover, these tasks should yield the steepest 
decrement in performance, as this type of tasks requires continuous use of 
resources. Furthermore, irrespective of task type, resources will be required 
more if complexity of the task is increased. 
One of the problems in comparing attentional task performance with 
performance in tasks that require higher cognitive processing, is that not only 
instructions are dissimilar between tasks, but also the amount and nature of 
stimuli (see e.g. Gorissen & Eling, 1998). Direct comparison of these tasks is 
problematic as long as these variables are not held constant. We investigated the 
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effects of task type (monitoring versus WM) and complexity (simple versus 
complex). Four tasks were developed: two monitoring tasks (simple: single task, 
versus complex: dual task) and two arithmetic tasks (simple: addition, versus 
complex: division). Stimulus presentation was similar in all four conditions. 
Along the lines of the resource view, we predict that performance is worse and 
declines most in WM tasks and tasks of high complexity. Moreover, complex 
WM tasks should lead to the worst performance. 
 
3.2.3 Method 
Participants. Seventeen healthy students (14 women and 3 men; mean age 
22 years) participated and received € 35 or fulfilled a course requirement. 
Design and Procedure. Participants were subjected to five different 
conditions: four task conditions and a control condition. Each condition was 
followed by the next a week later, while time of day was held constant over 
conditions. The order of conditions was counterbalanced across participants. In 
all conditions, participants started by filling in the Thayer subjective alertness 
scale. In the control condition, no specific information processing was required 
and participants conversed with the experimenter, read popular magazines and 
again filled in the Thayer after 40 minutes. In the other four conditions, 
participants were presented with one of the four different mental tasks and again 
filled in the Thayer after the 40-min task. 
Materials and stimulus presentation. Performance tasks: In the four tasks, 
two factors were manipulated: Process (Monitoring versus WM) and 
Complexity (Simple versus Complex). The tasks were: Monitoring simple (Ms), 
Monitoring complex (Mc), WM simple (WMs) and WM complex (WMc). In all 
tasks, stimulus presentation and stimuli were identical (except for the 
mathematical sign, see below). On each trial, three numbers appeared on the 
computer screen: two in the middle of the screen and one number underneath. 
All numbers were between 1 and 200 (Arial font, size 14 or 18). The upper two 
numbers were separated by a mathematical sign (either the plus sign “+”or the 
division sign “:” ). Trial duration was 1000 ms and the intertrial interval was 
2000, 3000 or 4000 ms (determined randomly). The total amount of trials was 
800 and the total task duration was 40 minutes. 
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Task Ms (Monitoring, simple): Participants were asked to pay attention to 
the color of the stimuli. If a number was grey instead of black, participants had 
to push a button with their non-preferred index finger. This was considered to be 
a target trial, which appeared 40 times. If all numbers were black, they were 
instructed to push another button with their preferred index finger. Participants 
were asked to give equal importance to both accuracy and speed. 
Task Mc (Monitoring, complex): Participants were asked to pay attention to 
both the color and the font size of the stimuli. On every trial in which there was 
either a large number (14-point) or a grey number, participants were asked to 
push a button with their non-preferred index finger. This response was required 
40 times in total. They were asked to push a button with their preferred index 
finger if target color and size were regular (black and 14 point), or if there were 
both large and grey numbers in one trial. Participants were asked to give equal 
importance to both accuracy and speed. 
Task WMs (WM, simple): Participants were asked to make a computation. 
In the simple task, there was a plus sign between the two upper numbers. 
Participants were asked to check whether the third number underneath was the 
right answer to the mathematical computation. The right answer was considered 
to be the target, which occurred 40 times in total and required a button press 
with the non-preferred index finger. If the third number was not the right 
solution, a button press was required with the preferred index finger. 
Participants were asked to give equal importance to both accuracy and speed. 
Task WMc (WM, complex): In the complex computational task, there was a 
division sign between the two upper numbers on the screen. The two different 
mathematical signs in the monitoring tasks were counterbalanced over 
participants. 
Subjective alertness: Subjective alertness was measured by a paper-and-
pencil version of Thayer’s subjective alertness scale (Thayer, 1978). This scale 
entails four factors: general deactivation, sleep, high activation and general 
activation. Together, the factors are assumed to reflect the subjective state of 
alertness. 
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3.2.4 Results 
Performance data were split in two (first part and second part of the task) and 
analyzed with 2 x 2 x 2 (Process [Monitoring and WM] x Complexity [simple 
and complex] x Part [first and second part]) repeated measures ANOVAs with 
Bonferroni’s confidence interval adjustments. 
Task performance. RTs of targets and non-targets and errors were analyzed. 
Two types of errors were distinguished: error type 1 (target response if non-
target response was required) and error type 2 (non-target response if target 
response was required). Target and non-target RTs were longer for the WM than 
for the monitoring tasks (for RT data, see Table 1). RTs were longer for the 
complex than for the simple tasks. RTs to non-targets were longer in the first 
than second part of the task. There were also Process x Complexity interactions 
for targets and non-targets. Post hoc ANOVAs showed that for target RTs, the 
factor Complexity had relatively more effect (the increase was greater) for the 
WM than for the monitoring tasks, F(1,15) = 10.73; p = 0.005. For non-target 
RTs, the fastening in the second part was only significant for the WM tasks, 
F(1,15) = 12.06; p = 0.003. 
 
Table 1. Reaction Time data in ms (with standard errors) and effects. 
Monitoring (M) Working Memory (WM) 
 Simple Complex Simple Complex 
 Ms1 
part1 
Ms 
part2 
Mc2 
part1 
Mc 
part2 
WMs3 
part1 
WMs 
part2 
WMc4 
part1 
WMc 
part2 
Effects (p < 0.01) 
T 720  
(48) 
690  
(63) 
1038 
(64) 
1026 
(82) 
1658 
(60) 
1635 
(74) 
2209 
(103) 
2220 
(121) 
WM > M 
Complex > simple 
Process (M, WM) 
x Complexity 
nT 645 
(61) 
610 
(58) 
795 
(62) 
726 
(73) 
1514 
(68) 
1426 
(67) 
2120 
(112) 
1926 
(102) 
WM > M 
Complex > simple 
Part 1 > part 2 
Process (M, WM) 
x Complexity 
1Ms = Monitoring task, simple   T = target 
2Mc = Monitoring task, complex  nT = non target 
3WMs = Working Memory task, simple 
4WMc = Working Memory task, complex 
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Type 1 errors occurred more for the WM than monitoring process, F(1,15) = 
7.69; p = 0.014. Errors were made more often in the first than the second part of 
all tasks, F(1,15) = 15.35; p = 0.001. There were interactions of Process x 
Complexity, F(1,15) = 6.04; p = 0.027; Process x Part of task, F(1,15) = 11.14; 
p = 0.005 and Process x Complexity x Part of task, F(1,15) = 6.58; p = 0.022. 
Post hoc ANOVAs showed that there were no significant effects for the 
monitoring process. For the WM process, only a significant decrease in errors 
was found for task WMc, F(1,16) = 11.69; p = 0.004. 
Type 2 errors also occurred more for the WM than for the monitoring 
process (see Table 2). In contrast to type 1 errors, type 2 errors were made more 
often in the second than the first part of all tasks. There was a Process x 
Complexity interaction. Additional ANOVAs showed that for the monitoring 
process, there was only an increase in the amount of errors in part 2 in task Ms, 
F(1,15) = 4.54; p = 0.050. For the WM tasks, more errors were made in the 
second part, F(1,16) = 4.51; p = 0.050, and more errors were made if the task 
was complex (task WMc), F(1,16) = 21.08; p < 0.001. 
 
Table 2. Type 2 error data (+ standard errors) and effects. 
Monitoring (M) Working Memory (WM) 
Simple Complex Simple Complex 
Ms1 
part1 
Ms 
part2 
Mc2 
part1 
Mc 
part2 
WMs3 
part1 
WMs 
part2 
WMc4 
part1 
WMc 
part2 
Effects (p < 0.05) 
1.88  
(1.12) 
3.50 
(1.55) 
0.25  
(0.19) 
0.25 
(0.14) 
3.25  
(0.46) 
4.00 
(0.58) 
6.8 
(0.90) 
7.5 
(1.07) 
WM > M 
Second > first part 
Process x Complexity 
1Ms = Monitoring task, simple    
2Mc = Monitoring task, complex 
3WMs = Working Memory task, simple 
4WMc = Working Memory task, complex 
 
Subjective alertness.  Thayer scale data were analyzed per dimension with a 
5 x 2 (Condition x Time: pre and post) ANOVA. For the dimensions general 
activation (ga) and sleepiness (sl) there were Condition x Time interactions 
(F[4,68] = 5.31; p = 0.001; and F[4,68] = 6.03; p < 0.001, respectively). Post 
hoc ANOVAs showed that ga decreased, and sl increased after all tasks, but not 
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in the control condition. Main effects were also found. Ga was decreased at time 
2, F(1,17) = 30.25; p < 0.001. Sl was increased at time 2, F(1,17) = 31.14; p < 
0.001. No effects were found on general deactivation and high activation. 
 
3.2.5 Discussion.  
As predicted, overall performance was worse for the WM than for the 
monitoring tasks: RTs were longer, and more errors were made. Furthermore, 
performance was worse in the complex task conditions: RTs were longer in the 
complex tasks than in the simple tasks. Besides the overall worse performance, a 
decrement in performance was present in the tasks that required resources the 
most: Type 2 errors increased in part 2 of the WM tasks and the Mc task. 
The fact that RTs did not increase during the arithmetic task may be 
ascribed to a practice-effect. Participants may have had more trouble making the 
calculations at the start of the task, and they may have become more skillful as 
time passed. A practice effect would of course counteract a vigilance decrement, 
and would thus hinder a clear-cut pattern of performance decrement. The 
existence of counteracting processes concerning behavioral performance has 
already been proposed by Kraepelin (1902). 
The Thayer scale results revealed that sustaining any task leads to lower 
subjective alertness, irrespective of the amount of resources used. This suggests 
that the Thayer scale is less sensitive to the degree of resource usage. Results of 
a previous experiment (Smit, Eling, & Coenen, 2004a) also indicated that, 
although effects were strongest for the most complex tasks, subjective alertness 
declined even in simple sustained attention tasks. 
Remarkably, type 1 errors decreased during the WM tasks. The combination 
of an increment in type 2 errors and a decline of type 1 errors suggests a strategy 
change. Participants may have become less inclined to actually complete the 
calculation, but pushed the button that was appropriate most often. This 
interpretation is in line with the decrease of non-target RTs in the second part of 
the WM tasks. 
Vigilance performance seemed affected most in tasks that require high 
availability of resources. However, the performance decrement may not have 
been due to a true drop in sensitivity, but (also) to a strategy change. Hence, 
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results do point towards a resource view on performance, but somewhat 
dubiously. We therefore conducted a second experiment in order to investigate 
whether a) sensitivity decrements can be yielded in highly demanding tasks, and 
b) strategy may influence performance on a demanding task. We controlled for 
strategy use by explicitly instructing participants to persist in a predetermined 
strategy: either to be both fast and accurate, or to be fast at the cost of accuracy 
or accurate at the cost of speed. 
 
3.2.6 Additional Experiment: Introduction 
We developed four different tasks with identical stimulus presentation. We 
again manipulated process type (WM versus Monitoring) and complexity. 
Arithmetic tasks have been used before as working memory tasks (De 
Rammelaere, Stuyven, & Vandierendonck, 1999), but they may be too difficult 
and might be prone to vast practice effects. Therefore, we used n-back tasks 
and varied memory load. In tasks with high memory load stimuli can be 
presented faster than in computational tasks. Additionally, memory load, 
requiring high amounts of resources, is particularly suitable to produce 
decrements in performance (See, Howe, Warm & Dember, 1995). We varied 
task complexity for monitoring (single versus dual task) and WM (moderate 
versus high memory load). We also changed the responses participants had to 
make; they responded to targets and not to non-targets, so that genuine false 
alarms could be analyzed. Since participants may start the task with less 
resource investment if they know that the task will be of long duration 
(Sanders, 1998), we used tasks of 20 minutes, which is usually a sufficient 
amount of time for the decrement to become apparent in demanding tasks 
(Parasuraman & Mouloua, 1987; Sanders, 1998). Participants were presented 
with all four tasks and received one of three instructions concerning strategy. 
 
3.2.7 Method 
Participants. Twenty-five healthy students (5 men and 20 women; mean 
age 22 years) participated and received € 24 or fulfilled a course requirement. 
Design and procedure. All tasks were presented during one testing block. 
The order of tasks was completely counterbalanced over participants (two 
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participants received the same order). Each participant started by filling in the 
revised version of the Thayer alertness scale (baseline); this was followed by 
the first task. After each task, participants filled in the Thayer scale again. 
Participants took a brake of five to ten minutes after each task. 
Materials and stimulus presentation. Performance tasks: In all four tasks, 
two single digits (1-9) appeared on a computer screen during each trial: one 
digit in the middle of the screen and one digit three centimeters below. 
Stimulus duration was 500ms and the intertrial interval was either 1000, 1250, 
or 1500ms (randomly divided over the task). In total, there were 686 trials; 
total task duration was 20 minutes.  
In the simple monitoring task (Ms), participants had to pay attention only 
to the digit in the middle of the screen (the upper digit). If the digit ‘3’ 
appeared, they had to push the button on the side of the preference hand. The 
target digit ‘3’ appeared 100 times in total. In the complex monitoring (dual) 
task (Mc), participants had to pay attention to both digits (in the middle of the 
screen and the digit below). If the digit in the middle was ‘3’, participants had 
to push the button on the side of the preference hand. If the digit below was in 
a smaller font than the other digits, participants had to push the button on the 
side opposite to the preference hand. The targets ‘3’ and ‘smaller font’ all 
appeared 100 times in total. On 13 trials both types of targets appeared 
simultaneously. 
In the simple working memory task (WMs), participants only had to pay 
attention to the digit in the middle. If the digit that appeared was identical to 
the digit of the previous trial (one back), participants had to push the button on 
the side of the preference hand. In the complex working memory task (WMc), 
participants only had to pay attention to the digit in the middle. If the digit that 
appeared was identical to the penultimate digit (two back), participants had to 
push the button on the side of the preference hand. 
Alertness scale: The Thayer alertness scale was used again (see previous 
experiment). In this case, we used a revised version, which includes an extra 
factor: physical fatigue. 
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3.2.8 Results 
Performance data were split in two and analyzed with 2 x 2 x 2 x 3 (Process 
[Monitoring and WM] x Complexity [simple and complex] x Part [first and 
second part]) repeated measures ANOVAs (Bonferroni’s confidence interval 
adjustments), with Instruction (three different instructions) as between factor. 
Misses, false alarms, and RTs were analyzed. 
Task performance. Targets were missed more often in the WM tasks than 
in the monitoring tasks, F(1,22) = 79.20; p < 0.001 and more often in the 
complex than in the simple tasks, F(1,22) = 38.48; p < 0.001 (see Table 3). 
There was a Process x Complexity interaction, F(1,22) = 28.14; p < 0.001. Post 
hoc analyses showed that only in the WM tasks, more targets were missed in 
the complex variant (WMc) than in the simple variant (WMs), F(1,22) = 36.00; 
p < 0.001. In sum, more misses were present in the WM tasks, especially in the 
complex variant. 
 
Table 3. Misses and Reaction Times: data (+ standard errors). 
Monitoring (M) Working Memory (WM) 
Simple Complex Simple Complex 
 
Ms1 
part1 
Ms 
part2 
Mc2 
part1 
Mc 
part2 
WMs3 
part1 
WMs 
part2 
WMc4 
part1 
WMc 
part2 
Amount of 
misses 
0.61 
(0.32) 
0.45 
(0.15) 
1.05 
(0.32) 
0.89 
(0.23) 
4.63 
(0.87) 
3.54 
(0.92) 
10.11 
(0.93) 
11.28 
(1.27) 
Reaction 
Times (ms) 
448  
(14) 
454  
(15) 
557 
(12) 
552 
(12) 
533  
(19) 
565  
(20) 
667  
(26) 
676  
(19) 
1Ms = Monitoring task, simple  3WMs = Working Memory task, simple  
2Mc = Monitoring task, complex 4WMc = Working Memory task, complex 
 
There were more false alarms in the WM than in the monitoring tasks, 
F(1,22) = 12.21; p = 0.002; and in the complex than in the simple tasks, F(1,22) 
= 10.01; p = 0.005. There were interactions of Process x Complexity, F(1,22) = 
9.84; p = 0.005; and Process x Part x Instruction, F(2,22) = 3.58; p = 0.045. 
Results of additional tests are described below (p < 0.010 if not explicitly 
mentioned). No effects were present in the monitoring tasks, but more false 
alarms were made in task WMc than in task WMs. There were no effects in the 
speed-instruction condition. In the accuracy-instruction condition, more false 
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alarms were made in the WM tasks and the complex tasks. More false alarms 
were present in the first part of task Mc and more false alarms were made in 
task WMc than in task WMs. In the combined-instruction condition, there 
tended to be more false alarms in the WM tasks than in the monitoring tasks, 
F(1,7) = 5.48; p = 0.052. There was a Process x Part interaction, F(1,7) = 5.60; 
p = 0.050. Additional tests showed that there tended to be less false alarms in 
the second part of the monitoring tasks, F(1,7) = 5.17; p = 0.057. In the WM 
tasks, more false alarms tended to be made in task WMc, F(1,7) = 4.26; p = 
0.078. In sum, in conditions of accuracy- and combined-instruction there were 
more false alarms in the WM tasks, especially in the complex variant. In the 
monitoring tasks, fewer false alarms were present in the second part of the task. 
These effects were not significant in the speed-instruction condition. 
RTs were slower in the WM than the monitoring tasks, F(1,22) = 28.38; p 
< 0.001 and slower in the complex than the simple tasks, F(1,22) = 119.03; p < 
0.001 (see Table 3). There was a trend towards a Process x Part interaction, 
F(1,22) = 2.96; p = 0.099. Additional tests showed that RTs were slower in 
task Mc than Ms, F(1,22) = 62.11; p < 0.001. RTs were slower in task WMc 
than WMs, F(1,22) = 89.08; p < 0.001 and RTs in both WM tasks tended to be 
slower in the second part of the task, F(1,22) = 3.41; p = 0.078. In sum, RTs 
were slower in the WM and complex tasks. Moreover, RTs tended to slow 
down in the second part of the WM tasks. 
In order to investigate whether tiredness accumulates over tasks, data were 
also analyzed over the four consecutive tasks within the block, irrespective of 
the type of task. This was done with a 4 x 3 (Task position [first, second, third, 
fourth]) repeated measures ANOVA with Instruction (3 levels) as between 
factor. There was a main Task position effect for misses, F(3,66) = 54.21; p < 
0.001: On each task, there were more misses than on the previous. All 
positions differed significantly from each other (p-values < 0.005), except the 
first and second task position. A main Task position effect was present for false 
alarms, F(3,66) = 10.59; p < 0.001: There were more false alarms on the fourth 
task than on all the other tasks (p-values < 0.05). There was also a main Task 
position effect for RTs, F(3,66) = 43.28; p < 0.001: On each consecutive task, 
RTs were slower than on the previous, except on the third task. Differences 
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between all positions, except between the second and third, were significant (p-
values < 0.001). In all, results indicate that performance deteriorated over tasks. 
Thayer alertness scale. There were five presentations of the scale: at 
baseline, after tasks Ms, Mc, WMs, and WMc. Data were analyzed with 
repeated measures ANOVAs, with Task type as within factor and Instruction 
as between factor (see Table 4 for data and Table 5 for statistics).  
 
Table 4. Scores at baseline and after the four tasks, for Thayer scale factors 
Sleep, General activation, and the added factor Physical fatigue. 
  Monitoring Working Memory  
Instruction type Baseline Simple Complex Simple Complex  
Sleep Speed  15* 13 13 10 12 
 Accuracy 15 15 14 15 15 
 Combined  13 11 11 8 11 
General 
activation 
Speed 10 12 12 13 12 
 Accuracy 10 10 11 10 10 
 Combined 9 12 13 14 12 
Physical 
fatigue 
Speed 17 16 16 15 15 
 Accuracy 18 18 17 18 17 
 Combined 14 14 15 12 14 
*All standard errors were between 0.7 and 1.4. 
NB: a lower score signifies a higher level of the factor (e.g. a low score on sleep stands for 
higher levels of sleepiness). 
 
Overall, participants felt most sleepy and physically fatigued and least active if 
they 1) received the combined instruction, or 2) had performed a WM task. The 
combination of WM tasks and combined instruction yielded the greatest 
decline in alertness. Results seemed most robust for the WMs task. 
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Table 5. Effects on Thayer scores: baseline, simple and complex monitoring 
tasks (Ms & Mc), simple and complex working memory task (WMs & WMc). 
Thayer 
Factor  
Effect Sign. Nature of effect 
Sleep Task type 
Instruction 
Task type x 
Instruction 
p < 0.001 
p = 0.028 
p = 0.046 
WMs > baseline (p = 0.003) 
Combined* > accuracy* (p = 0.026) 
Mc: combined > speed*, accuracy (p = 0.036; p = 
0.092) 
WMs: combined, speed > accuracy (p = 0.019; p < 
0.001) 
WMc: combined > accuracy (p = 0.056) 
General 
activation 
Task type 
Task type x 
Instruction 
p < 0.001 
p = 0.045 
Baseline > Mc, WMs (p = 0.018; p = 0.004) 
WMs: accuracy > combined, speed (p = 0.034; p = 
0.071) 
Physical 
fatigue 
Task type 
Instruction  
p = 0.002 
p = 0.007 
WMs > baseline (p = 0.040) 
Combined > accuracy (p = 0.006) 
 
 
Table 6. ANOVA-effects of Thayer score data (+ added factor: physical fatigue) 
that were collected at baseline, and after the first, second, third, and fourth task. 
Thayer 
Factor  
Effect Sign. Nature of effect 
Sleep Time  
 
Instruction 
Time x 
Instruction 
p < 0.001 
 
p = 0.028 
p = 0.070 
Baseline < task 3, task 4 (p = 0.020; p = 0.008)  
Task 2 < task 3 (p = 0.012) 
Combined* > accuracy (p = 0.026) 
Task 1: combined > speed* (p = 0.058); Task 2: 
combined > speed, accuracy* (p = 0.018; p = 0.001); 
Task 4: combined > accuracy (p = 0.019) 
General 
activation 
Time 
Time x 
Instruction 
p < 0.001 
p = 0.003 
Task 3, task 4 < task 1, task 2 (0.024 > p > 0.008) 
Speed: task 3, task 4 < task 1, task 2 (0.065 > p > 
0.013); Combined: idem trend, not significant 
Physical 
fatigue 
Time 
Instruction  
Time x 
Instruction 
p = 0.026 
p = 0.006 
p = 0.053 
Task 4 > baseline (p = 0.037) 
Combined > accuracy (p = 0.005) 
Task 2: combined > speed, accuracy (p = 0.021; p = 
0.001); Task 4: combined > accuracy (p = 0.002) 
*Combined = combined speed – accuracy instruction; Accuracy = accuracy instruction; Speed = 
speed instruction. 
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3.2.9 Discussion 
RTs tended to increase during the WM tasks, whereas there were no changes in 
the amount of false alarms. These findings indicate that there was a genuine 
drop in performance without changes in strategy (Craig, 1987; Parasuraman, 
1998). During the monitoring tasks, however, the amount of false alarms 
dropped in the second part, which suggests that monitoring tasks may be 
particularly prone to strategy shifts. Hence, genuine performance decrements 
may occur in cognitively demanding tasks if participants are explicitly asked to 
sustain a predetermined strategy throughout the task. 
Although stable during the tasks, the amount of false alarms was greater in 
absolute terms in the WM tasks (the WMc particularly). This effect, however, 
was only significant if participants were instructed to respond as accurately as 
possible, or both as fast and accurately as possible. This suggests that instruction 
indeed may affect performance. There were no other performance effects, but 
the subjective data further underline the significance of instruction. The 
combined instruction in particular (and the speed instruction to a lesser extent) 
caused the greatest decline in alertness. These results together suggest that 
performance may not change vastly due to strategy differences, but some 
strategies, especially if speed and accuracy are combined, require more 
resources and thus lower alertness to a greater extent. 
 
3.2.10 General Discussion 
The data of the first experiment suggest that more resources are needed for 
complex cognitive processing than for attentional monitoring. As predicted, 
performance was worse for the WM than the monitoring tasks. Moreover, 
performance deteriorated in the second part of the task in these WM tasks, 
which suggests that the availability of resources wanes more rapidly. The fact 
that the effect of task complexity was much greater in the WM task suggests that 
the difference between easy and difficult calculations was greater than between 
single and dual tasks. Consequently, complex WM tasks appear most qualified 
for yielding the most robust performance effects. However, the decrement in 
performance in the WM tasks may have been (partly) due to strategic changes. 
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The change in strategy might, in Signal Detection Theory’s terms, be similar to 
a shift in response criterion (Howland, 1958; Parasuraman, 1998). 
In experiment 2 we controlled for task strategy by explicitly instructing 
participants to adopt one of three predetermined strategies. The results 
substantiated the results of experiment 1. During WM and complex tasks overall 
performance was worst. Moreover, there tended to be a performance decrement, 
which was not due to strategic changes. Performance was better and did not 
decline in simple and monitoring tasks, which require less processing resources. 
Therefore, it is not the dividing of attention that forms a bottleneck, but it is the 
increased demand on processing resources that worsens performance and lowers 
vigilance. Parasuraman and Mouloua (1987) also suggested that it is a shortage 
in capacity that determines the vigilance decrement. 
All results are in line with a resource view on performance (Matthews, 
Westerman & Stammer, 2000; Parasuraman, 1985; Wickens, 1984; Wickens & 
Kessel, 1980). The difference in monitoring and WM tasks appears to be a 
matter of degree. Both types of tasks require resources, but highly demanding 
tasks need resources to a greater extent. As a matter of fact, both performance 
and subjective alertness clearly dropped over the tasks that were presented 
consecutively. This suggests that monitoring and WM tasks share common 
resources. Furthermore, it indicates that resources are not replenished 
immediately, but are probably lowered in availability for some time. 
The performance results of the first experiment suggest that participants 
adjusted their strategies at the cost of performance in the most demanding tasks. 
Therefore, contrary to what has been claimed before (Craig, 1987; Parasuraman, 
1979; Parasuraman, 1998), changes in response criterion may also be present in 
demanding tasks if processing demands are set too high. Hockey (1986) 
included in his state control theory not only task demands and efforts, but also 
higher processing that is related to personal goals. He maintained that either 
performance can be protected by increasing effort, or that performance costs can 
be held constant by reducing performance goals. Reviewing the literature, 
Sanders (1998) also argued that performance data in complex sustained attention 
tasks are in agreement with a combination of resource usage and strategy change. 
Results of the second experiment showed that monitoring tasks are particularly 
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prone to strategy changes. These changes on dual tasks may be due to the fact 
that participants need to divide their attention constantly. Participants thus 
switch strategies, although the demand on resources is not as high as on WM 
tasks. These results are unclear, but they once again strongly suggest that 
monitoring tasks are not particularly suitable for vigilance research. 
With respect to subjective measures, experiment 1 showed that if 
performance drops (partly) due to strategic changes, subjective alertness drops 
to the same extent after all tasks. If performance on the most demanding tasks 
drops without strategy change (experiment 2), processing resources are used to 
such an extent that alertness is lowered greatly. Therefore, subjective alertness 
appears to be a sensitive measure of resource expenditure, as suggested by 
Matthews and Davies (2001). 
In conclusion, resources are required most in tasks with high cognitive load 
and high complexity, and less in simple and attentional monitoring tasks. 
Therefore, it is not the dividing of attention per se that leads to worse 
performance, but it is the total amount of required processing resources. Vast 
processing demands can lead to strategy changes. Genuine decrements in 
performance can be induced during highly demanding tasks if participants are 
explicitly instructed to maintain a particular strategy throughout the task. If they 
stick with their strategy, greater resource expenditure in cognitive and complex 
tasks is reflected in worse performance and a performance decrement, combined 
with vastly lowered subjective alertness scores. 
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Chapter 4 Vigilance effects: Comparison of mental and physical 
effort 
 
4.1 Experiment 5 Mental and physical effort affect vigilance differently1 
 
4.1.1 Abstract 
Both physical and mental effort are thought to affect vigilance. Mental effort is known for its 
vigilance declining effects, but the effects of physical effort are less clear. This study 
investigated whether these two forms of effort affect the EEG and subjective alertness 
differently. Participants performed a physical task and were subsequently presented with a 
mental task, or vice versa. Mental effort decreased subjective alertness and increased theta 
power in the EEG. Both results suggest a vigilance decline. Physical effort, however, increased 
subjective alertness and alpha and beta1 power in the EEG. These findings point towards an 
increase in vigilance. Beta2 power was reduced after physical effort, which may reflect a 
decrease in active cognitive processing. No transfer effects were found between the effort 
conditions, suggesting that the effects of mental and physical effort are distinct. It is concluded 
that mental effort decreases vigilance, whereas physical effort increases vigilance without 
improving subsequent task performance. 
 
4.1.2 Introduction 
The level of vigilance is known to be affected in many different demanding or 
tiring conditions. It is unclear, however, whether conditions of mental effort 
have similar vigilance-effects as conditions of physical effort. Some studies 
indicate that mental and physical effort effects on vigilance are interrelated 
(Blackwood, MacHale, Power, Goodwin, & Larie, 1998; Critchley, Corfield, 
Chandler, Mathias, & Dolan, 2000). Mosso (1894) recognized the combination 
of central and peripheral components of any form of fatigue or tiredness and 
claims have even been made that ultimately, there should be no difference in 
physical and mental fatigue (Strong, 1916). However, one would intuitively 
argue that physical and mental effort do not have the same effects on vigilance. 
Indeed, Dodge (1917) already suggested that physical exertion and mental effort 
                                                 
1 Submitted to International Journal of Psychophysiology: Smit, A. S., Eling, P. A. T. M., 
Hopman, M. T., & Coenen, A. M. L. Mental and physical effort affect vigilance differently. 
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are not identical. In a study on hormonal excretions, a difference was indeed 
shown between physical and mental exercise (Fibiger & Singer, 1989). 
It is generally assumed that mental effort decreases vigilance. In 
experimental psychology, vigilance is typically determined with behavioral 
measures such as reaction time (RT) tasks. A low level of vigilance is reflected 
in worse performance (Gillberg & Ǻkerstedt, 1998; Gorissen, Tielemans & 
Coenen, 1997; Koelega, 1996; Matthews, Davies, Westerman, & Stammers, 
2000) or a rapid decrement in performance (Ballard, 1996; Koelega, 1996). The 
effects of mental effort on behavior are usually measured during the mental task 
itself. However, even performance on a subsequent task has been found to 
decline in a previous experiment after a sustained mental task of different nature. 
Vigilance can also be measured in the EEG: A low level of vigilance is 
reflected by increased power in the lower frequencies (Coenen, 1995; Kubitz, & 
Pothakos, 1997). An increase in low frequencies, especially theta power, has 
been found both during (Ballard, 1996; Paus, Zatorre, Hofle, & Caramanos, 
1997; Pennekamp, Boesel, Mecklinger, & Ott, 1994) and after (Smit, Eling, & 
Coenen, 2004b) a mental task. The enhanced theta power probably reflects a 
drop in vigilance. This drop might be caused by sustaining task performance, 
which is considered to be resource-consuming or capacity-demanding 
(Parasuraman, 1985; Wickens, 1984). 
Vigilance effects of physical exercise have been studied less extensively, 
even though it is known that physical exercise affects an individual’s condition. 
Effects have been reported on body temperature (Nielsen & Nybo, 2003), heart 
rate (Dosseville, Moussay, Larue, Gauthier, & Davenne, 2002) and on 
monoamine neurotransmitter systems, serotonin in particular (Gandevia, 2001; 
Meeusen & De Meirleir, 1995; Strüder & Weicker, 2001). 
The EEG-effects of physical exercise that have been reported concern an 
increase in alpha and sometimes theta power (Kubitz & Pothakos, 1997; 
Youngstedt, Dishman, Cureton & Peacock, 1993). The effects of physical effort 
on behavioral performance are not clear. Studies have reported no effects 
(Tsorbatzoudis, Barkoukis, Danis, & Grouios, 1998), negative effects (Kubitz & 
Pothakos, 1997), positive effects (Adam, Teeken, Ypelaar, Verstappen, & Paas, 
1997; Verger, Lagarde, Batejat & Maitre, 1998), negative effects in chronically 
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fatigued persons (Blackwood, MacHale, Power, Goodwin, Larie, 1998), and 
positive effects after mild exercise, but negative effects after strenuous exercise 
(Féry, Ferry, Vom Hofe & Rieu, 1997). It appears that physical effort may affect 
performance positively, yet if sustained until sheer exhaustion, physical effort 
may decrease vigilance. In sum, physical effort seems to increase alpha power 
and positively affect performance, suggesting that physical effort might have 
activating effects. Increased activation after physical effort has indeed been 
found with subjective measures (Kubitz & Pothakos, 1997; Matsumoto, 
Mishima, Satoh, Shimizu & Hishikawa, 2002). 
Mental effort appears to decrease vigilance, whereas physical exercise 
seems to have activating effects. However, physical exercise has not been 
studied extensively and different measures of vigilance have not often been 
compared. In this experiment we directly compare physical and mental effort 
effects on both physiological (EEG) and subjective measures. Mental effort is 
expected to increase theta power in the EEG and lower subjective alertness. We 
predict that physical effort increases alpha power in the EEG. If physical effort 
indeed is activating, subjective alertness should increase. Moreover, we used a 
within-subject design that allows investigation of possible transfer effects 
between conditions. If the effects of physical and mental effort are indeed 
distinct, there may be no signs of transfer when physical and mental tasks are 
presented consecutively. 
 
4.1.3 Method 
Participants. Participants were 44 healthy students (8 men and 36 women; 
mean age 22 years). They signed an informed consent and received € 20 or 
fulfilled a course requirement. 
Recording. Electrodes were placed at Fz, Cz, and Pz (Jasper, 1958). EEG 
was registered with Ag-Cl electrodes in an elastic cap. The ground electrode was 
placed on the forehead and the left mastoid served as reference. Electro-ocular 
activity was recorded next to and above the right eye. Electrode impedance was 
less than 5 kΩ. Signals were band-pass filtered between 0.016 Hz – 100 Hz and 
recorded digitally (512 Hz sample frequency). The EEG was checked off-line 
for artifacts. Epochs were rejected for analysis if the following criteria were met 
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with respect to the EOG: exceeding variances of 45 µV within 150 ms, and 
voltage steps in consecutive samples of above 25 µV. The spectral content of the 
EEG was determined by Fast Fourier Transformations (FFTs; frequency 
resolution of 1 Hz) with Hanning correction. For each EEG-measurement, the 
spectral content was computed for 90 epochs of 2 seconds. Subsequently, one 
grand average was made of the 90 spectral power values. We distinguished five 
frequency bands: delta (0-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta1 (13-22 
Hz), and beta2 (23-30 Hz). Power within bands was averaged. The EEG was 
always recorded during passive wakefulness, three minutes with eyes open and 
three minutes with eyes closed. Thus, for each measurement two average power 
values over 3-min (= 90 epochs) periods were computed: one for eyes open and 
one for eyes closed. 
Design and procedure. The experiment lasted from 9.00 a.m. until 12.30 
p.m. Participants were randomly divided into three groups: 1, 2, and 3. The first 
group was subjected to the physical task and then to the mental task. In group 2, 
the order was reversed. Group 3 served as control group. First, the EEG was 
measured with eyes closed (3 minutes) and eyes open (3 minutes). The order of 
closed and open was counterbalanced across participants. Subsequently, the 
Thayer alertness scale was presented. This was followed by 40 minutes of 
exercise on a cycle ergometer in group 1 and by 40 minutes of demanding 
mental task performance in group 2. In the control group, participants spent 40 
minutes talking to the experimenter and reading magazines. They joined the 
experimenter for a short walk (about 3 minutes) around the lab during this time. 
After the manipulation (or control condition), the EEG was measured again. 
Next, the Thayer alertness scale and the NASA-TLX (task load index) were 
presented. Then the demanding task followed in group 1, and physical exercise 
in group 2. In the control group, participants again conversed with the 
experimenter, read magazines and went for a short walk. All measurements were 
then repeated. 
Heart rate (beats per minute) was measured during all tasks (mental and 
physical) for the entire 40-minute period. This was done in order to check 
whether heart rate would be high (above 120 beats per minute) and would 
increase in the physical effort condition. 
 
 
58
Vigilance effects: Comparison of mental and physical effort 
 
Materials and stimulus presentation. Subjective vigilance measures: 
Subjective alertness was measured by a paper-and-pencil version of Thayer’s 
subjective alertness scale (Thayer, 1978). This scale entails four factors: general 
deactivation, sleep, high activation (ha), and general deactivation. Together, the 
factors are assumed to reflect the subjective state of alertness. The NASA-TLX 
(Task Load Index) was used to measure perceived workload (Hart & Staveland, 
1988). The index entails six dimensions that together represent perceived 
workload: mental demand, physical demand, temporal demand, performance, 
frustration, and effort. 
Manipulation: mental effort, high-demanding task. The demanding task of a 
previous experiment was used (Smit, Eling & Coenen, 2004a). Two types of 
visual stimuli were presented in the task: letters (a-z) and grey squares (width: 
100 pixels, height: 100 pixels), which were presented 2 cm below the letters. 
The letters (Arial font, size 24) appeared one by one, together with the squares, 
and were black against a grey background. Stimulus duration was 200 ms, the 
inter stimulus interval (ISI) was 800 ms for both letters and squares. Subjects 
were asked to push a button with their preferred index finger on every occasion 
the ‘x’ was followed by an ‘a’ and to push a button with their non-preferred 
index finger on every occasion the target square appeared. The target square was 
slightly darker than the nontarget square. The targets (dark grey square) and 
target sequences (x-a) were all presented 80 times during the task in a quasi-
random pre-fixed order. Participants were instructed to perform as fast and as 
accurately as possible and to give equal weight to both tasks. Total duration of 
the task was 40 minutes. 
Manipulation: physical effort, racing. Participants were asked to exercise on 
a cycle ergometer for 40 minutes (with 60 rotations per minute, using a 
metronome). The first ten minutes served as warm-up and the last 5 minutes as 
cool-down: The resistance was set at 75 W at the start of the exercise and 
increased with 25 W every minute, until heart rate was between 130 and 150 
beats per minute for each participant, indicating moderate to strenuous effort. 
During the period of cool down, the resistance was again set at 75 W. The Borg 
scale (Borg, 1982) was used as an indication of perceived physical load. The 
scale ranges from 0 (not enduring) to 10 (very, very enduring) and has been used 
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in many studies (see e.g. Adam, Teeken, Ypelaar, Verstappen, & Paas, 1997; 
Nielsen & Nybo, 2003). The scale was administered after 15, 25 and 35 minutes 
of exercise. 
 
4.1.4 Results 
Data were analyzed with repeated measures ANOVAs with Bonferroni’s 
confidence interval adjustments. EEG data were analyzed per electrode site with 
3 x 2 (Time x Eyes situation: open or closed) ANOVAs with Group as between 
subject factor. In case of an occasional missing value for the EEG-data the 
missing value was replaced by its group mean (there was less than 1 missing 
data point per participant per electrode site over the entire experiment). 
Performance and HR data of each measurement were split in two (part 1 and 
part 2) to analyze potential decrements. Heart rate scores were analyzed with 1-
way ANOVAs (within factor: Part) with Group as between subject factor. 
Vigilance task data were analyzed with a 2 x 2 (Task x Part) ANOVA with 
Group as between subject factor. Subjective alertness scores and NASA-TLX 
scores were analyzed per dimension, with a 1-way (within factor: Time) 
ANOVA with Group as between subject factor. 
Effects on physiology. EEG: relative power. As there was a significant 
increase in total power in both experimental groups, and since relative power 
data yielded the most pronounced results, only relative power results are 
presented. There were Group x Time interactions (see Table 1); results of post 
hoc ANOVAs are summarized in this paragraph. Theta power in the control 
group was greater at time 1 than at time 3 (p = 0.114 at Fz with eyes open) and 
greater at time 2 than at time 3 (p = 0.047 at Pz with eyes open). There was a 
small trend towards an increase in theta power in group 2 from time 2 to time 3 
(p = 0.112 at Fz with eyes open), indicating a theta power increase after mental 
effort. 
 
 
 
 
60
Vigilance effects: Comparison of mental and physical effort 
 
Table 1. Group x Time interaction effects relative power. 
Eyes closed Eyes open  
Fz Cz Pz Fz Cz Pz 
Theta  - - - F* = 2.33;  
p = 0.065 
- F = 2.82;  
p = 0.030 
Alpha  - - - F= 2.15;  
p = 0.082 
- - 
Beta1  F = 2.36;  
p = 0.060 
F = 2.64; 
p = 0.039 
F = 3.73; 
p = 0.008 
- F = 2.57;  
p = 0.052 
- 
Beta2  - - - F = 2.96;  
p = 0.025 
F = 3.17;  
p = 0.046 
F = 2.98;  
p = 0.024 
* F(4,82) for all F’s. 
 
A main Time effect was found for alpha power at Fz with eyes open, 
F(2,82) = 3.20; p = 0.046: There was less alpha power at baseline than at time 2 
(p = 0.016). Additional tests revealed that there was more alpha power at time 2 
than at baseline in group 2 (p = 0.034 at Fz with eyes open), suggesting an alpha 
power increase after physical effort. 
For the beta1 band, post hoc tests showed that in group 1, power was greater 
at time 3 than at baseline (p = 0.029 at Pz with eyes closed). In group 2, beta1 
power tended to be smaller at time 3 than at baseline (p = 0.072 at Fz with eyes 
closed) and time 2 (p = 0.063). These results suggest that beta1 power is 
increased after physical and decreased after mental effort. 
For the beta2 band, main Time effects were found if eyes were open, 
F(2,82) = 3.54; p = 0.033 at Fz: Beta2 power was smaller at time 2 than at 
baseline (p = 0.019) and F(2,82) = 4.98; p = 0.009 at Pz: Beta2 power was 
smaller at time 2 than at baseline (p = 0.024). Additional tests showed that beta2 
power tended to be smaller at time 3 than at baseline in group 1 (p = 0.110 at Fz 
with eyes open). In group 2, beta2 power was smaller at time 2 than at baseline 
at Fz if eyes were open (p = 0.037), but there tended to be more beta2 power at 
time 2 than at baseline at Pz if eyes were open (p = 0.055). 
The results on relative power suggest that the mental effort and physical 
effort conditions caused differential changes in power. To test this, 2 x 2 (Group 
x Condition) ANOVAs were done. For this purpose, the data of the 
experimental groups were divided into three segments: base-line (time 1) 
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condition, mental effort condition and physical effort condition. In this way, the 
factor Time was left out and replaced by the factor Condition. 
EEG relative power per condition: There were condition effects on relative 
power in the theta, alpha, beta1, and beta2 band (see Table 2). For the theta 
band, power was greater after mental effort than after physical effort and tended 
to be greater than after baseline (see Figure 1). For the alpha band, power was 
shown to be greater after physical effort than at baseline (see Figure 2). With 
respect to beta1 power, there was more power after physical effort than after 
mental effort and than at baseline. For the beta2 band, power was greater after 
mental effort than after physical effort and power was greater at baseline than 
after physical effort. 
 
 
Theta: Fz eyes open
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Figure 1. Relative theta power for the baseline, mental effort, and physical effort 
condition with eyes open, at Fz. 
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Figure 2. Relative alpha power for the baseline, mental effort, and physical 
effort condition with eyes open, at Fz. 
 
 
Table 2. Condition effects on relative power. 
Eyes closed Eyes open  
Fz Cz Pz Fz Cz Pz 
Theta  F* = 3.25;  
p = 0.047 
M1 > P2  
(p = 0.043) 
- - F = 4.54; p = 0.015 
M > P (p = 0.022) 
M > B3 (p = 0.086) 
- - 
Alpha  - - - F = 6.52; p = 0.003 
P > B (p = 0.010) 
- - 
Beta1  - F = 4.59;  
p = 0.014 
P > M  
(p = 0.031) 
F = 7.86;  
p = 0.001 
P > M  
(p = 0.002) 
P > B  
(p = 0.028) 
- - - 
Beta2  - - - F = 6.93; p = 0.002 
M > P (p = 0.043) 
B > P (p = 0.002) 
- F = 6.97;  
p = 0.002 
B > P  
(p = 0.008) 
*F(2,54) for all F’s  1M = mental effort 2P = physical effort 3B = baseline 
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Heart Rate (HR): Mean HR (see Table 3) was higher in the physical than 
mental effort task, F(1,18) = 756.43; p < 0.001 and increased in the second part 
of both tasks, F(1,18) = 45.88; p < 0.001.  
 
Table 3. Mean HR (beats per minute) per condition. 
Condition First part of task  Second part of task  
Mental effort 71 78 
Physical effort 128 143 
 
Moreover, the increase in the physical effort condition was greater than in the 
mental effort condition, F(1,18) = 7.95; p = 0.011. Borg scale: The average 
score was 4.4 (“somewhat more enduring” - “enduring”). In the third 10-minute 
block of racing (just before the cool-down), the average score was 5.4 
(“enduring” - “very enduring”). There was no effect of the order of conditions. 
Effects on behavioral performance. Mental task data: There were more 
misses in the second than in the first part of the task, F(1,27) = 5.94; p = 0.022. 
There tended to be more misses in the letter than square task, F(1,27) = 3.47; p 
= 0.073. A Part x Task interaction was found, F(1,27) = 17.63; p < 0.001. 
Additional analyses showed that in the square task, more targets were missed in 
the second than first part, F(1,27) = 10.52; p = 0.003. No effects were found on 
false alarms and errors. RTs were longer in the square than in the letter task, 
F(1,25) = 216.49; p < 0.001 and longer in the second than in the first part of the 
tasks, F(1,25) = 16.64; p < 0.001. There was a Task x Part interaction, F(1,25) = 
11.35; p = 0.002. Post hoc analyses showed that RTs were longer in the second 
than in the first part of the letter task, F(1,26) = 57.91; p < 0.001. No effects 
were found of the order of conditions. 
Effects on subjective scores: For the Thayer scale, effects were only found 
on the factors sleep (sl) and general activation (ga). A Group x Time interaction 
was present for sl, F(4,82) = 10.92; p < 0.001. Post-hoc tests showed that at time 
2, sl in group 2 was higher than in group 3 (p = 0.004) and the control group (p 
= 0.038). At time 3, sl in group 3 was higher than in group 2 (p = 0.002) and the 
control group (p = 0.047). These results point out that sl increased after mental 
effort. There was a Group x Time interaction for ga, F(4,82) = 17.23; p < 0.001. 
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Post-hoc analyses showed that at time 2, there were higher ga scores in group 3 
than in group 2 (p = 0.005). At time 2 ga scores were higher in group 2 than in 
the control group (p = 0.036) and group 3 (p < 0.001); ga scores tended to be 
higher in the control group than in group 3 (p = 0.093). In summary, ga 
increased after physical effort and tended to decrease after mental effort. For the 
NASA-TLX, there were various Group x Time interactions (see Table 4). 
Together, the results suggest that mental effort increased mental demand, 
temporal demand, and frustration scores. Physical effort increased physical 
demand and performance scores. There was no Group x Time interaction on the 
total score. The total score was lower in the control group than in group 2 (p < 
0.001) and group 3 (p < 0.001). Groups 2 and 3 did not differ. 
 
Table 4. Group x Time interactions on dimensions of the NASA-TLX. 
TLX-
dimension 
Group x Time interaction 
F(2,41); p-value 
Main effects within groups 
Mental 
demand 
F = 58,53; p < 0.001 Time 2: group 2 > group 3 (p < 0.001); group 
3 < control (p = 0.030) 
Time 3: group 3 > group2 (p < 0.001); group 
3 > control (p < 0.001); group 2 < control (p < 
0.001) 
Physical 
demand 
F = 30,58; p < 0.001 Time 2: group 3 > group 2 (p = 0.002); group 
> control (p < 0.001) 
Time 3: group 2 > group 3 (p < 0.001); group 
3 < control (p < 0.001) 
Temporal 
demand 
F = 5.84; p = 0.006 Time 2: group 2 > group 3 (p = 0.095); group 
2 > control (p = 0.014) 
Performance F = 3.96; p = 0.027 Time 3: group 2 > group 3 (p = 0.078); group 
2 > control (p = 0.056) 
Frustration F = 4.8; p = 0.013 Time 3: group 3 > group 2 (p < 0.001); group 
3 > control (p = 0.039) 
Effort - - 
 
4.1.5 Discussion 
Any mental task that requires a response entails a physical component. 
Moreover, it is known that physical exercise concerns a central element as well 
(Gandevia, 2001; Nielsen & Nybo, 2003). However, we argue that a sustained 
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mental task condition in which relatively little muscular movement is needed, 
will primarily require a vast amount of central energy expenditure. Conversely, 
a physical effort task will lead to far more peripheral energy costs if it 
predominantly requires body movements that are produced by the skeletal 
muscles (Bouchard, Shephard, & Thomas, 1993). 
HR, Borg Scale scores, and TLX-physical demand scores were all high and 
increased during exercise. These scores are comparable to post-exercise scores 
that have been reported by others and indicate that the exercise was moderate to 
strenuous (Adam, Teeken, Ypelaar, Verstappen, & Paas, 1997; Féry, Ferry, 
Vom Hofe & Rieu, 1997; Verger, Lagarde, Batejat & Maitre, 1998). Participants 
said they felt tired after exercise, yet the Thayer scores revealed an increase in 
activation. Together, these results indicate that the Thayer scale might apply to 
feelings of mental fatigue rather than physical fatigue. Physical fatigue might 
concern a distinct aspect of alertness, which may not be assessed adequately by 
the Thayer scale. This would also imply a distinction between subjective 
physical and mental tiredness and supports our prediction that mental and 
physical effort affect vigilance differentially.  
The mental effort condition was arduous as well: Performance decreased, 
HR increased and the scores on TLX-mental demand and sleepiness increased 
due to the mental task. The absence of a difference in total score on the TLX 
after mental and physical effort indicates that there was no difference in 
perceived task load between the mental task and physical task. 
Mental effort increased theta power, which has been found in previous 
studies as well (Ballard, 1996; Paus, Zatorre, Hofle & Caramanos, 1997; 
Pennekamp et al, 1994; Smit, Eling, & Coenen, 2004b). An increase in theta 
power is considered to reflect a decline in vigilance (Coenen, 1995; Kubitz, & 
Pothakos, 1997). Physical effort enhanced alpha and beta1 power and reduced 
beta2 power. The decrease in beta2 power may reflect a decrease in active 
mental processing directly following the exercise. An increase in alpha power 
has been reported after physical exercise (Kubitz & Pothakos, 1997; Youngstedt, 
Dishman, Cureton & Peacock, 1993). This effect may reflect an increase in the 
input of information (Klimesch, 1999). The combination of enhanced alpha and 
beta1 power suggests that physical effort leads to a global activation (Kubitz & 
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Pothakos, 1997), which is also reflected in this study in an increase in subjective 
activation. Activational effects after physical exercise have been found by others 
(Bonnet & Arand, 1999). In particular, it has been reported that physical 
exertion boosts monoaminergic neurotransmitter systems (Gandevia, 2001; 
Meeusen & De Meirleir, 1995; Peyrin, Pequigont, Lacour, & Fourcade, 1987; 
Strüder & Weicker, 2001), which are known to affect cortical excitation and 
thus the EEG (Kahkonen & Ahveninen, 2002).  
It is remarkable that physical effort was moderately strenuous and increased 
vigilance, but did not improve performance on a subsequent mental task. Other 
studies have reported both positive and negative transfer effects on performance 
(Adam, Teeken, Ypelaar, Verstappen, & Paas, 1997; Blackwood, MacHale, 
Power, Goodwin, Larie, 1998; Féry, Ferry, Vom Hofe & Rieu, 1997; Verger, 
Lagarde, Batejat & Maitre, 1998). However, a lack of behavioral effects after 
physical effort has been reported before (Tsorbatzoudis, Barkoukis, Danis, & 
Grouios, 1998) and Matsumoto and coworkers (2002) also found the 
combination of subjective activating effects without behavioral effects. These 
findings on the one hand indicate that performance is only decreased after great 
exhaustion; on the other hand the results suggest that task performance does not 
necessarily improve as a consequence of a higher level of vigilance.  
Possibly, an increase in vigilance after physical effort is distinct from a 
condition of increased vigilance that is required for better behavioral 
performance. Although it has been acknowledged in the physiological literature 
that exercise has central effects (see e.g. Gandevia, 2001), it has remained 
uncertain to what extent and in what direction the central nervous system is 
affected. In psychological research, a distinction has been made between arousal 
and capacity (Kahneman, 1973). In this context, arousal forms the basic 
energetic level of a person, whereas capacity is synonymous with resources, 
which refers to attention and is momentarily allocated to ongoing processes. It 
might be that physical effort enhances arousal, but does not easily affect the 
amount of resources or capacity that can be allocated during task performance. 
Kahneman (1973) could not specify what the physiological mechanisms were 
for capacity. However, we suggest that spectral power in the EEG in the frontal 
lobes may reflect the allocation of resources or capacity. Higher cognitive 
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functions such as allocation of attention, is likely to take place in the frontal 
lobes; this is exactly the part of the brain that did not show an increase in beta1 
power after physical effort in this study. More specifically, at Fz beta2 power 
was decreased, indicating lowered cortical activity. We suggest that physical 
effort increases the general activity level, but does not upgrade cortical firing 
that is specifically related to allocation of resources to ongoing processing. 
Therefore, behavioral performance is not easily affected. 
We conclude that mental and physical effort affect vigilance differently, as 
EEG-effects and effects on subjective alertness differed between the effort 
conditions. This conclusion is in line with suggestions (Dodge, 1917) and results 
(Fibiger & Singer, 1989) of others. It is strengthened by the absence of transfer 
effects between tasks; the effects of mental and physical effort did not interact. 
Mental effort lowers vigilance, whereas physical effort increases vigilance 
without necessarily improving subsequent task performance.  
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4.2 Experiment 6 The physical component in subjective alertness: The Thayer 
scale revisited1 
 
4.2.1 Abstract 
Research suggests opposing alertness effects of mental effort and physical effort. Mental effort 
seems to decrease and physical effort appears to increase subjective alertness. There are 
indications, however, that physical exercise also leads to feelings of lowered alertness. The well-
known multidimensional Thayer alertness scale does not seem to assess physical alertness 
properly. New items were added to the original scale; these were expected to form a physical 
factor of subjective alertness. In part 1 of this study, participants filled in the revised Thayer 
scale before and after a control condition and conditions of physical and mental exercise. 
Physical exercise only increased feelings of physical fatigue, not of alertness. Mental effort 
increased feelings of sleepiness. In part 2, a Factor analysis was performed on a larger data set in 
order to validate the use of a separate physical factor. Indeed, a separate physical factor was 
found. Besides this physical factor, the analysis revealed the factors “sleepiness”, “calmness”, 
and “tension”, which have originally been described by Thayer. In conclusion, physical alertness 
is different from mental alertness. Therefore, an explicit physical factor is required in subjective 
alertness scales. 
 
4.2.2 Introduction 
Scales of subjective alertness are used as instruments to determine a person’s 
level of vigilance or arousal. As such, they require a form of introspection and 
this raises questions about reliability and validity of results (Annett, 2002). 
Nevertheless, even naive participants seem capable of assessing their level of 
alertness and performance (Dorrian et al., 2000) and claims have been made that 
subjective alertness is the most sensitive and reliable of all psychological 
measures of vigilance (Natale & Cigogna, 1996). Relations between subjective 
accounts, EEG parameters and behavioral performance are not always clear-cut, 
but in various studies subjective alertness changes together with alpha and theta 
power in the EEG (Ǻkerstedt & Folkard, 1995; Lafrance & Dumont, 2000; 
Matousek & Petersén, 1983) and performance on a reaction time task (Gillberg 
& Ǻkerstedt, 1998; Monk et al., 1997; Owens et al., 1998). 
                                                 
1 In revision for Human Factors: Smit, A. S., Eling, P. A. T. M., Coenen, A. M. L. The physical 
component in subjective alertness: the Thayer scale revisited. 
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Subjective alertness, as a measure of vigilance, can be considered as a basic 
precondition for psychological functioning in general and is often measured in 
clinical populations (Krupp & Elkins, 2000; Morris, Wearden & Mullis, 1998). 
Hence, subjective alertness is an important research tool, but a wide variety of 
different subjective scales are in use. Roughly speaking, one can distinguish 
unidimensional and multidimensional scales (Smets, Garssen, Bonke, & De 
Heas, 1995). An example of a unidimensional scale is the Visual Analogue 
Scale (VAS). The activational state of an individual is typically considered to be 
multidimensional (Eysenck, 1982; Koelega, 1996; Parasuraman, 1998). 
Therefore, it seems plausible that subjective alertness is multidimensional as 
well, which indeed has been shown repeatedly (Bond & Lader, 1974; Horne, 
1991; Natale & Cigogna, 1996). Thayer (1978) developed a scale that is used 
widely (Deckers, 2001; Eysenck, 1982) and he constructed a multidimensional 
model of subjective alertness, in which the factors energy, tiredness, tension and 
calmness are distinguished. 
The majority of studies in which the Thayer Scale has been used do not 
concern conditions of physical exercise, but mental effort or drug conditions 
(e.g., Gorissen, Tielemans & Coenen, 1997; Thayer, 1970). This also applies to 
vigilance research in general; the effects of mental effort have been studied 
extensively (Ballard, 1996; Koelega, 1996; Matthews, Davies, Westerman & 
Stammers, 2000; Pennekamp et al., 1994), whereas physical effort has been 
studied to a much smaller extent. 
Sustained mental effort has repeatedly been found to decrease alertness 
(Ǻkerstedt & Folkard, 1995; Paus, Zatorre, Hofle & Caramanos, 1997, Smit, 
Eling, & Coenen, 2004a). Some of the subjective alertness studies that did focus 
on physical conditions reported that participants feel more activated after 
physical effort (Kubitz & Pothakos, 1997). Hence, it seems that mental and 
physical exercise essentially have opposite effects on alertness. In the study of 
Kubitz and Pothakos, however, a slowing of responses was observed after 
physical effort, which is at odds with the higher subjective activational state. In 
one of our previous studies participants reported that they felt tired after 
physical effort, although Thayer scale scores showed higher activation. These 
results suggest that a low level of physical alertness may be different from a low 
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level of mental alertness and perhaps physical alertness is not or only partially 
assessed in Thayer’s scale. In fact, Matthews and Desmond (1998) found 
evidence for what they call the “muscle-related” factor in their study of fatigue. 
Similarly, Smets and coworkers (Smets, Garssen, Bonke, & De Heas, 1995) 
reported that one of the extracted dimensions explaining their subjective 
alertness data concerned “physical fatigue”. Therefore, it seems plausible that 
subjective alertness entails a specific physical component. 
Although Thayer (1978) maintained that physical activity is included in his 
scale, explicit physical fatigue items seem to be lacking. In this study, new 
physical items were added to the scale. It was predicted that these items together 
form a separate factor of physical alertness. The effects of physical and mental 
effort were investigated on subjective alertness. Besides the general activational 
effect, physical exercise was expected to also decrease specific feelings of 
physical alertness. In part 1, the effects are reported of mental and physical 
effort on subjective alertness. In part 2, a factor analysis was performed on the 
items of the Thayer scale, in order to confirm the hypothesis that physical 
alertness items together constitute a separate factor. 
 
4.2.3 Part 1: Method 
Participants. Sixteen healthy female students (average age 22 years) 
volunteered. They were paid 24 euros for their participation or fulfilled a course 
requirement. 
Design and procedure. Participants were subjected to three different 
conditions: mental effort, physical effort and a control condition. Each condition 
was followed by the next a week later, at the same time of the day. Order of 
conditions was counterbalanced across participants. Each condition started with 
the Thayer scale and the VAS (Visual Analogue Scale). Then, the 40-min 
mental task or 40-min physical task was presented, except in the control 
condition. In this condition, participants conversed with the experimenter and 
read popular magazines for 40 minutes. Subsequently, the NASA-TLX was 
presented, which was followed again by the Thayer scale and VAS. 
Heart rate (HR, beats per minute) was measured with Polar heart rate 
equipment, consisting of a measuring belt and watch. These measurements were 
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made in order to check whether HR would be high and would increase during 
the physical effort condition. 
Materials and stimulus presentation. Subjective scales: Thayer scale: a 
paper-and-pencil version of Thayer’s subjective alertness scale (Thayer, 1978) 
was used. In order to select proper physical items, people who regularly went to 
a gym were questioned what feelings they experienced after physical effort. Five 
expressions were selected that were mentioned most often. The physical fatigue 
items were added to the four existing factors: energy, tiredness, tension and 
calmness (see Table 3 for the added items). VAS: The scale was a 10-cm long 
stripe, ranging from “fully awake” to “very tired”. In order to measure physical 
load in the physical task, the Borg scale was used (Borg, 1982), which ranges 
from 0 (not enduring) to 10 (very, very enduring).  
The NASA-Task Load Index (TLX) was also used to measure perceived 
workload (Hart & Staveland, 1988). It entails six dimensions that together form 
perceived workload: mental demand, physical demand, temporal demand, 
performance, frustration and effort. 
Mental effort task. Each trial, three numbers appeared on the screen: two in 
the middle of the screen and one number underneath. The upper two numbers 
were separated by the mathematical division sign “:”.All numbers were between 
1 and 200 (Arial font, size 14 or 18). Trial duration was 1000 ms and the 
intertrial interval was 2000, 3000 or 4000 ms (determined randomly). The total 
number of trials was 800 and the total task duration was 40 minutes. Participants 
were asked to make a computation; they had to check whether the third number 
underneath the upper two numbers was the right answer to the mathematical 
calculation. The right answer occurred 40 times in total and required a button 
press with the non-preferred index finger. On every other trial, a button press 
was required with the preferred index finger. This task was found to lower 
vigilance vastly in a previous experiment. 
Physical effort task. Participants were asked to race on a home trainer for 40 
minutes (making 60 rotations per minute; participants were aided by a 
metronome). The first ten minutes served as warm-up and the last 5 minutes as 
cool-down. The resistance was put at 75 W at the start of the racing period and 
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increased with 25 W every minute, until heart rate was between 130 and 150 for 
each participant, indicating strenuous effort. 
In order to investigate condition effects, the data were analyzed with 
univariate repeated measures ANOVAs with Bonferroni confidence interval 
adjustments. NASA-TLX scores and mental task performance data were 
analyzed with a univariate ANOVA (within factor: Condition). Task 
performance data was separated into two blocks: first part versus second part of 
the task, in order to investigate detrimental effects. Heart rate (HR) data were 
analyzed with a 3 x 2 (Condition x Part) ANOVA. 
 
4.2.4 Results 
Subjective scores. Thayer alertness scale effects: First, a 5 x 3 x 2 (Factor x 
Condition x Time) ANOVA was performed in order to check whether the 
various factors differed from one another. Indeed, this analysis yielded a 
significant Factor x Condition x Time interaction, F(8,128) = 10.90; p = 0.028. 
Thayer scale scores were then analyzed per factor with 3 x 2 (Condition x 
Time) ANOVAs. Main effects were found. Thayer scale scores and condition 
effects are presented in Table 1. Sleep (sl) scores were higher at time 2 than at 
time 1, F(1,16) = 5.37; p = 0.034. General activation decreased from time 1 to 
time 2, F(1,16) = 6.32; p = 0.023. Physical fatigue (pf) increased from time 1 to 
time 2, F(1,16) = 33.54; p < 0.001. There was a main effect of Condition for pf, 
F(2,32) = 10.46; p < 0.001. Pf was higher in the physical effort condition than in 
the control condition (p = 0.002). 
There were Condition x Time interactions for general deactivation (gd), sl 
and the new items of pf. Post hoc ANOVAs that analyzed the conditions 
separately, showed that gd decreased after mental effort, F(1,16) = 6.67; p = 
0.020, and sl increased after mental effort, F(1,16) = 7.53; p = 0.014. Pf 
increased only in the physical effort condition, F(1,16) = 16.84; p = 0.001. 
Remarkably, there was no effect on ga after physical effort. (Note that in the 
table, a lower score of a factor means the factor applies more; a lower score on 
sl stands for more sleepiness.) 
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Table 1. Average scores (and standard errors) on the Thayer alertness scale per 
condition. NB: a lower score means the factor applies more, e.g. a lower score 
on sl stands for more sleepiness. 
Mental effort Physical effort Control condition Cond x Time 
interaction  
Factor 
Time 1 Time 2 Time 1 Time 2 Time 1 Time 2  
Gd 8.1 
(0.48) 
8.9 
(0.58) 
8.4 
(0.70) 
8.7 
(0.63) 
8.5 
(0.51) 
7.7 
(0.56) 
F(2,32) = 3.44; 
p = 0.045 
Sl 16.3 
(0.63) 
13.9 
(0.80) 
15.0 
(0.77) 
14.8 
(0.73) 
15.7 
(0.63) 
15.0 
(0.83) 
F(2,32) = 2.78; 
p = 0.083 
Ga 9.0 
(0.54) 
11.2 
(0.67) 
10.9 
(0.67) 
10.8 
(0.64) 
9.6 
(0.69) 
10.6 
(0.80) 
 
Ha 16.4 
(0.67) 
16.9 
(0.58) 
17.1 
(0.74) 
17.0 
(0.45) 
17.1 
(0.56) 
17.5 
(0.68) 
 
Pf 15.9 
(0.47) 
15.6 
(0.57) 
16.1 
(0.65) 
12.9 
(0.51) 
17.4 
(0.45) 
16.6 
(0.61) 
F(2,32) = 5.91; 
p = 0.014 
Gd = general deactivation 
Sl = sleepiness 
Ga = general activation 
Pf = physical fatigue 
 
VAS scores. Participants were less alert at time 2 than time 1, F(1,16) = 
4.73; p = 0.045. 
NASA-TLX. Main Condition effects were found (see Table 2). Scores of 
mental demand and frustration were highest in the mental effort condition; the 
average score on mental demand was 265 in the mental condition, versus 46 in 
the physical condition and 146 in the control condition; the average score on 
frustration was 157 in the mental condition, versus 63 in the physical condition 
and 58 in the control condition. Physical demand and effort scores were highest 
in the physical effort condition; the average score on physical demand was 316 
in the physical condition, versus 36 in the mental condition and 8 in the control 
condition; the average score on effort was 297 in the physical condition, versus 
167 in the mental condition and 90 in the control condition. Total TLX score 
was lower in the control condition (33) than in the mental (68) and physical 
effort (66) conditions. 
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Table 2. NASA-TLX effects per condition. 
TLX dimension Condition effect Significant difference* 
Mental demand F(2,32) = 19.73; p < 0.001 Mental > control > physical 
Physical demand F(2,32) = 54.31; p < 0.001 Physical < mental, control 
Temporal demand F(2,32) = 24.55; p < 0.001 Mental > physical > control 
Performance - - 
Effort F(2,32) = 22.17; p < 0.001 Physical > mental > control 
Frustration F(2,32) = 7.81; p = 0.002 Mental > physical, control 
Total TLX score F(2,32) = 37.4; p < 0.001 Mental, physical > control 
*p < 0.05 
 
Borg scale scores. The average scores were 4.1, 6.2, 6.8, and 2.4 for the 
four respective 10-min blocks during the 40-min racing. The last block served as 
cool down. Scores between 5 and 7 stand for “very enduring”. 
Mental task data. More false alarms (target response when non-target 
response was required) occurred in the first than the second part of the task, 
F(1,12) = 12.06; p = 0.005. The average amount of false alarms in the first and 
second part was 36 and 26, respectively. Reaction Times (RTs) were longer to 
targets (mean: 2442 ms) than to non-targets (mean: 2159 ms), F(1,120 = 19.91; 
p = 0.001. 
HR data. Over conditions, HR increased in the second part of measurement, 
F(1,16) = 7.61; p = 0.014. There was a Condition effect, F(2,32) = 517.75; p < 
0.001: HR was higher in the physical effort condition than in the control (p < 
0.001) and mental effort condition (p < 0.001). There was also a Condition x 
Part interaction, F(2,32) = 12.19; p = 0.002. Additional analyses showed that 
HR did not change in the control and mental effort condition, but HR increased 
from the first to the second part of the racing condition, F(1,16) = 11.82; p = 
0.003. 
 
4.2.5 Part 2: Factor analysis 
Results indicated that physical effort lowered physical alertness, whereas mental 
effort did not have such an effect. However, these data do not permit the 
conclusion that the added physical items indeed constituted a separate factor. 
Therefore, a Factor analysis was performed. Data of a separate study was 
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included in order to be able to perform a Factor analysis, which requires a larger 
data set. Of the present study, the questionnaires that were completed before the 
physical and mental effort condition were used. Furthermore, 37 participants of 
a diurnal narcolepsy study filled in the revised version of the Thayer scale twice, 
at 9.00h in the morning and at 13.00h in the afternoon. In total, 17 participants 
were narcoleptic (four men and 13 women); they were aged between 19 – 59 
(mean age of 41 years). There were 20 healthy control participants (nine men 
and eleven women), with a comparable mean age of 40 years (23 – 60). Hence, 
53 participants filled in the revised Thayer twice, so that 106 completed 
questionnaires were obtained. A Factor Analysis with varimax rotation was done 
on the 25 items of the new scale. The pattern of results did not change 
noticeably if the group of narcoleptic patients were left out. 
The analysis extracted four factors (i.e. factors with eigenvalues > 1), which 
together explained 66 % of total variance (see Table 3). The first factor reflects 
sleepiness. The second factor can be considered Thayer’s calmness (gd) factor. 
The third factor consisted predominantly of items that are considered to reflect 
emotional feelings and thus concerns Thayer’s tension factor. Factor four 
entailed items of physical fatigue and some of the tension items. Internal 
consistency of the physical items was 0.6 (versus 0.6, 0.8, 0.9 and 0.9 of 
Thayer’s original factors). Striking is that feelings of tension and feelings of 
physical fatigue appear to be related. 
 
4.2.6 Discussion 
Both the mental and physical effort conditions were strenuous: Total TLX 
scores were equally high, mental demand was highest during mental effort and 
physical demand was highest during physical effort. The high and increasing 
HR showed that the racing was enduring, but HR did not increase in the mental 
task condition. Apparently, fast heart beat does not necessarily escort effortful 
conditions in order to yield subsequent feelings of lowered alertness. The VAS 
was unable to distinguish condition effects. This suggests that unidimensional 
scales are probably neither sensitive for detecting variations in alertness, nor for 
discriminating between different exhausting conditions. The Thayer scale, 
however, revealed different alertness effects following the two effort conditions.  
 
 
76
Vigilance effects: Comparison of mental and physical effort 
 
Table 3. Component loadings (Factor Analysis) of Thayer scale items. 
 Component loadings (66 % total explained variance) 
Item Thayer*  Sl (37 %) Gd (19 %) Ha (6 %) Pf** (5 
%) 
placid gd  0.7   
sleepy sl 0.8    
jittery (nervous) ha    0.5 
intense ha   0.6  
calm gd  0.7   
tired sl 0.8    
vigorous ga  0.3 0.2  
at rest gd  0.6 0.2  
drowsy sl 0.8    
fearful ha   0.6 0.2 
wide-awake sl 0.9    
still gd 0.3   0.6 
quiet gd  0.8   
clutched-up 
(uptight) 
ha   0.4  
wakeful sl 0.8    
tense ha    0.4 
Physic. fit pf** 0.8    
Trembling (muscles) pf    0.5 
Pumped up pf    0.8 
Physic. weak pf 0.7   0.2 
Dead beat pf 0.6  0.4 (0.19) 
*Thayer’s factors: general deactivation (gd), sleep (sl), high activation (ha), and general 
activation (ga). 
**Pf: physical fatigue (new component) NB: The new items were randomly distributed in the 
questionnaire used, but have been added to the end of the scale here, in order to increase 
intelligibility. 
 
The present findings and results of others (Bond & Lader, 1974; Horne, 1991; 
Matthews & Desmond, 1998; Natale & Cigogna, 1996) convincingly show that 
multidimensional scales are most suitable to determine subjective alertness. 
Mental effort decreased feelings of alertness, a finding that has been 
reported before (Ǻkerstedt & Folkard, 1995; Paus, Zatorre, Hofle & Caramanos, 
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1997 & Caramanos, 1997; Smit, Eling & Coenen, 2004a). The decrease in 
calmness after mental effort is in line with the TLX scores; participants were 
probably frustrated by the sustained mental task. This frustration has been found 
in other studies as well (Grier et al., 2003). However, the combination of 
increased sleepiness and decreased calmness is not in accordance with the 
alertness model of Thayer (1978), who described the four factors in terms of two 
underlying dimensions. One of the assumptions underlying his two-dimensional 
model is that feelings of sleepiness should always correlate with feelings of 
calmness. In view of the present data, the proposed two dimensions do not 
appear to be valid underlying theoretical constructs of subjective alertness. 
Physical effort increased scores on the physical fatigue items. Hence, 
physical fatigue is not only a distinct factor in the alertness scale, physical 
alertness indeed declined as a consequence of physical exercise and not due to 
mental effort. Contrary to previous results (Kubitz & Pothakos, 1997), however, 
physical exercise did not increase energetic feelings. This is remarkable, as HR 
and TLX data clearly showed that the physical exercise was strenuous. It might 
be that feelings of activation do increase due to physical exercise, but only up to 
a certain point. Perhaps the exercise was so strenuous, that participants felt 
exhausted and no feelings of activation were present; merely physical fatigue 
was left. 
Factor analysis revealed four factors: Thayer’s original factors of 
‘sleepiness’, ‘tension’, and ‘calmness’, and a physical factor, which was 
associated with feelings of tension as well. It is not clear why Thayer’s factor of 
general activation was not found. Thayer’s factor structure was still used in the 
ANOVAs in the present study, so that results can be compared with those 
reported in the literature. The sleepiness, tension and physical factors are 
comparable with factors suggested by others in the literature (Matthews & 
Desmond, 1998; Wolf, 1967). Physical fatigue formed a separate factor in the 
revised Thayer scale, which corroborates findings of others (Matthews & 
Desmond, 1998; Smets, Garssen, Bonke, & De Heas, 1995). It is important to 
note, however, that the internal consistency of the physical factor was rather 
low: 0.6 (similar to Thayer’s’ factor gd in this study). Therefore, the items used 
in the present scale might not be chosen optimally. The data of this study do 
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suggest that a separate physical factor is present, but the actual items should 
perhaps be adjusted. 
As arousal is not a unidimensional concept (Folkard, 1983; Parasuraman, 
1998), subjective feelings of alertness do not reflect the basic level of arousal or 
vigilance. A distinction can be made between several factors, which probably 
together constitute a person’s vigilance level. The physical factor of the present 
alertness scale is probably associated with a “peripheral” form of alertness, such 
as muscle fatigue. Thayer’s two factors ‘relaxation’ and ‘tension’ might apply to 
an emotional state, which Kahneman (1973) also connected to, but distinguished 
from arousal itself.  
In conclusion, sustained mental effort decreased feelings of alertness and 
calmness at the same time. Feelings of physical alertness were decreased after 
strenuous physical exercise. Factor analysis of the Thayer items revealed four 
factors of subjective alertness and showed that the physical items indeed formed 
a physical factor. Mental alertness is different from physical alertness and 
substantiate the addition of an explicit physical factor in subjective alertness 
scales. 
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Chapter 5 Natural vigilance changes: Diurnal variation 
 
5.1 Experiment 7 Performance fluctuations of low and high demanding tasks: 
Diurnal variation in resources1 
 
5.1.1 Abstract 
Task performance fluctuates diurnally; performance is highest at midday and lowest in the 
morning and evening. Task performance is considered to reflect vigilance, which is thus 
believed to first increase and then decrease during the day. However, the timing of peak 
performance is different over tasks. We hypothesized that processing resources are reduced if 
vigilance is low, at midday resource availability declines, which results in a vigilance decline. 
Additionally, demanding tasks require more resources than low-demanding tasks and thus 
demanding-task performance worsens earlier in the day. We investigated diurnal vigilance 
variation, using a low- and high-resource task, and subjective scales. Confounding of motivation 
and practice effects was avoided, by testing participants once on four consecutive days on 
different times. We predicted performance on the high-resource task to show the earliest peak 
and largest diurnal variation. Analyses revealed diurnal variations in performance and subjective 
scores. Moreover, performance and subjective measures correlated. Indeed, the high-resource 
task yielded an earlier performance peak and most robust diurnal fluctuations. We propose that 
vigilance and resources are conceptually equivalent: The level of vigilance can be defined as 
resource availability, which is reflected in demanding task performance and subjective judgment. 
 
5.1.2 Introduction 
Performance fluctuates systematically during the day. This fluctuation is 
generally referred to as ‘diurnal variation’, rather than ‘circadian variation’ 
(Folkard, 1983), because it is probably attributable to the joint effects of 
circadian and homeostatic processes (Carrier & Monk, 2000). Performance on 
simple, repetitive tasks is maximal at midday and minimal in the morning and at 
night (Carrier & Monk, 2000; Monk & Leng, 1982). However, some 
investigators have found a continuous decline over the waking day (Folkard, 
1975; Folkard, Marks, Minors & Waterhouse, 1985). If multiple testing sessions 
are conducted during mid-afternoon, a post-lunch dip is sometimes found 
                                                 
1 In revision for Chronobiology International: Smit, A. S., Eling, P. A. T. M., SanMiguel, I., 
Thijssen, L., & Coenen, A. M. L. Performance fluctuations of low and high demanding tasks: 
Diurnal variation in resources 
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(Carrier & Monk, 2000). Performance on memory-related tasks reaches its peak 
at around midday, but just before the peak in simple task performance (Carrier 
& Monk, 2000; Folkard, 1983; Folkard, Marks, Minors & Waterhouse, 1985). 
Although the diurnal performance variations are not identical, they appear to fit 
a typical pattern for all tasks: lower performance in the morning and evening 
and higher in the (mid-) afternoon. The only difference seems to be that 
performance on cognitively demanding tasks, if compared with simple tasks, 
starts to worsen earlier during the day.  
In order to clarify the task differences in peak performance, investigators 
have proposed separate underlying rhythms (Carrier & Monk, 2000), which 
suggest the existence of distinct processes or biological clocks. However, the 
different peaks may be explained in terms of resources: The lower the vigilance 
level, the less resources might be available (Sanders, 1998). The combined 
effect of homeostatic and circadian influences may cause vigilance to decrease 
from the afternoon on (Carrier & Monk, 2000), and this might cause a 
corresponding decline in resource availability. Tasks that require a high amount 
of resources will consequently be the first tasks to yield worse overall 
performance. Only when resources have declined to a large extent will task 
performance get worse on simple, less demanding tasks. Moreover, demanding 
tasks – which are sensitive measures of resource availability (Smit, Eling & 
Coenen, 2004a) – should therefore also show diurnal variation to a greater 
extent. In fact, a considerable amplitude in diurnal variation has been reported 
for demanding tasks (Lavie, 1980). A typical demanding task is a working 
memory task, whereas the SART might be considered to be simpler and less 
demanding (Robertson, Manly, Andrade, Baddeley & Yiend, 1997). 
Task performance is considered to reflect vigilance level (Ballard, 1996; 
Paus, Zatorre, Hofle & Caramanos, 1997), but vigilance can be determined with 
other measures, as well. These other measures should then show similar diurnal 
patterns of variation. Diurnal trends have been reported for EEG parameters 
(Aeschbach et al., 1997). Subjective alertness follows a comparable pattern and 
has been shown to correlate with task performance (Carrier & Monk, 2000; 
Monk et al., 1997; Owens et al., 1998). The combined effects of circadian and 
homeostatic processes therefore appear to determine a typical diurnal variation 
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in sleeping and waking (Achermann & Borbély, 1994; Borbély, 1982; Daan, 
Beersma & Borbély, 1984; Mignot, 1997). Furthermore, subjective alertness has 
been reported as a marker for resource availability (Matthews & Davies, 2001). 
Therefore, vigilance level and resources appear to be closely related. The term 
vigilance is often used to describe a particular pattern of variation in 
consciousness or awareness, although there is a lack of agreement with respect 
to underlying psychological or physiological mechanisms. In this study, the 
level of vigilance is determined by task performance and subjective alertness 
and thus used in a descriptive manner. 
A drawback of most studies on diurnal variation in performance is the fact 
that the data are typically gathered in one experimental block, during which 
participants grow more and more familiar with the experimental setting. Even if 
the experiment entails several days, participants are usually required to perform 
tasks throughout each entire experimental day (see e.g. Manly, Lewis, Robertson, 
Watson & Datta, 2002). This means that practice effects will vary during the day 
as well. Moreover, also motivation can mask ultradian variation in arousal 
(Higuchi, Liu, Yuasa, Maeda & Motohashi, 2001) and changes in motivation are 
likely to occur when tasks are presented continuously (Eysenck, 1982). It is 
extremely difficult to disentangle all these factors if performance data are 
collected during one testing block or over several days that all consist of 
multiple testing sessions. 
We conducted this experiment to investigate diurnal variation in vigilance. 
We explicitly tested the hypothesis that it is the availability of resources that 
determines the timing of the peak in performance and the extent of the diurnal 
effect and thus determines the rhythm in task performance. Therefore, we used 
the relatively simple SART, which is considered to measure vigilance 
(Robertson, Manly, Andrade, Baddeley & Yiend, 1997), and a revised version of 
the SART (with identical stimulus presentation). The adapted version of the 
SART places a great demand on working memory. We predicted that both 
subjective alertness and task performance would show the inverted u-shaped 
pattern of diurnal variation (Carrier & Monk, 2000; Folkard, 1983; Folkard, 
Marks, Minors & Waterhouse, 1985; Monk & Leng, 1982). Performance on the 
working memory version of the SART is expected to show an earlier peak, and 
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to display more variation during the day than the simple SART. We did not 
gather the data during one testing day, but participants were tested once on four 
consecutive days on different times to avoid the above mentioned confounding. 
The order of testing sessions was counterbalanced, so that possible order effects 
could be ruled out. 
 
5.1.3 Method 
Participants. Sixteen students (15 women and one man), with a mean age of 
24 years, participated and received 18 Euros or fulfilled a course requirement. 
Design and Procedure. Participants were tested once during four different 
sessions that took place at four different times: 8.30h, 13.30h, 16.00h, and 
20.00h. Each session was followed by the next a day later. Order of testing times 
was counterbalanced across participants. Half of the group started on Monday 
and ended the experiment on Thursday; the other half started on Tuesday and 
ended on Friday. Participants were presented with the SART, the memory-
SART, the Thayer alertness scale, and two VAS (Visual Analogue Scale) 
alertness scales. Order of all tasks was counterbalanced across participants (with 
one exception: The Thayer scale always preceded the VAS). 
Materials and Stimulus Presentation. SART. In this test, 225 single digits 
(25 of each of the nine digits; font: courier and sizes: 26, 28, 36 and 72) were 
presented visually on a computer screen (“17 inch”: diameter of 40 cm) over a 
4.3-min period. Each digit was presented for 250 ms, followed by a fixation 
cross of 900-ms duration. Subjects were requested to respond with a key press 
(with their preferred index finger) to each digit, except in those cases that the 
digit 3 appeared. Then they had to withhold a response. The target digit 3 and 
the sizes of the digits were distributed throughout the 225 trials in a pre-fixed 
quasi-random fashion, in such a way that identical digits were not clustered. The 
period from digit onset to digit onset was 1150 ms. Subjects were asked to give 
equal importance to accuracy and speed in doing the task. Both the digits and 
the fixation cross were presented centrally in white against a black background 
of the computer screen. The target digit 3 appeared 25 times in total. 
Memory version of the SART. The same stimuli were presented as in the 
SART. The instruction, however, was different. Participants were asked to 
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respond with a key press (with their preferred index finger) on each occasion a 
digit appeared that was the same digit as the preceding, minus 1. Thus, the digit 
7 was considered to be a target if it was preceded by the digit 8. There were 26 
targets, distributed randomly over the 225 trials. 
Thayer scale. A paper-and-pencil version of Thayer’s subjective alertness 
scale (Thayer, 1978) was used. This scale entails the factors: energy, tiredness, 
tension and calmness. Together, the factors are assumed to reflect the subjective 
state of alertness. 
VAS (visual analogue scale). Two paper-and-pencil versions of a visual 
analogue scale were used. The scale was a 10-cm stripe, ranging from 
“completely awake” to “extremely tired” for the alertness VAS and from 
“extremely sleepy – not sleepy at all” for the sleepiness VAS. 
 
5.1.4 Results 
Curve Estimations. As we expected to find the inverted u-shape pattern of 
alertness and performance over the day (Folkard, Marks, Minors & Waterhouse, 
1985), we performed curve estimations to fit the plots of daily variations in 
performance and alertness (see e.g. Kirkcaldy, 1984). For the SART, the 
variation in the amount of targets that were missed followed a quadratic 
function, p < 0.001 (see Figure 1). Misses tended to decrease during the day, but 
increased again at 20.00h. Performance increased up until 16.00h. There were 
no significant curve fits for false alarms and Reaction Times (RTs) on the 
SART. For the memory SART, the pattern in the amount of misses did not 
follow a quadratic function, p = 0.80. However, Figure 1 clearly shows that 
there is a more pronounced variation in misses for the memory-SART than for 
the simple SART. Performance peaks during the second session and already 
worsens during the third session. The RTs for the memory-SART followed a 
quadratic function, p = 0.010, but RTs could also be described by a linear 
function, p = 0.011 (see Figure 2). The diurnal variation in false alarms did not 
fit a quadratic function. 
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Figure 1. Diurnal variation in the amount of targets that were missed, for the 
simple SART and the memory-SART. 1 = 8.30h; 2 = 13.30h; 3 = 16.00h; 4 = 
20.00h. 
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Figure 2. Diurnal variation in Reaction Time (RT) on the memory-SART. 1 = 
8.30h; 2 = 13.30h; 3 = 16.00h; 4 = 20.00h. 
 
For the Thayer scale, variations in scores on general activation tended to 
follow a quadratic function, F = 63.66; p = 0.088: Activation scores tended to be 
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higher during the day than in the morning, but tended to be lower in the evening. 
For the other factors there was a similar trend, but these were not significant. 
Variations in both the alertness VAS and the sleepiness VAS fitted similar 
quadratic functions (F = 362.95; p = 0.037 for sleepiness; F = 2642.62; p = 
0.014 for alertness). Sleepiness was high in the morning, decreased during the 
day and increased at 20.00h (see Figure 3). The opposite pattern was present for 
alertness, which was low in the morning, increased during the day, and 
decreased again at 20.00h. Diurnal variations were visible for most vigilance 
measures (both concerning task performance and subjective alertness), but not 
all variations fitted quadratic functions.  
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Figure 3. Diurnal variation in subjective alertness for the VAS. 1 = 8.30h; 2 = 
13.30h; 3 = 16.00h; 4 = 20.00h. 
 
ANOVAs. Task Performance: We performed ANOVAs, to compare the 
SART with the memory-SART. Data of the tasks were split into two parts in 
order to investigate a possible decrement in performance during the task: 2 x 4 x 
2 ANOVAs (Task type x Time x Part) were performed on misses, false alarms, 
and RTs. There were more misses in the memory-SART task than in the SART, 
F(1,15) = 24.72; p < 0.001. More targets were missed in the second than in the 
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first part of the task, F(1,15) = 19.24; p = 0.001. There was a Task type x Part 
interaction, F(1,15) = 17.55; p = 0.001. Post hoc analyses revealed that there 
was no Part effect for the SART. For the memory-SART, however, more targets 
were missed in the second than in the first part of the task, F(1,15) = 20.32; p < 
0.001. There was also a trend towards a Time effect, F(3,13) = 2.63; p = 0.096: 
Misses tended to be made less at 13.30h. In sum, a decrement in performance is 
only present for the memory-SART and there is a trend towards a Time effect 
only for the memory-SART. The ANOVAs on false alarms and RT revealed 
only significant main effects and no interactions: False alarms occurred more 
often in the SART than in the memory-SART, F(1,15) = 28.91; p < 0.001 and 
RTs were slower in the memory-SART than in the SART, F(1,15) = 171.76; p < 
0.001. 
ANOVAs. Subjective Alertness: Subjective data were analyzed by means of 
a 1-way ANOVA (within factor: Time), to investigate whether Time effects 
were present. There was a Time effect for the factor general deactivation of the 
Thayer, F(3,45) = 2.95; p = 0.042: Participants were deactivated more at 9.00h 
than at 13.30h (p = 0.057). There was a Time effect for the factor high activation 
of the Thayer, F(3,45) = 3.62; p = 0.028: Participants felt more activated at 
13.30h than at 9.00h (p = 0.045). Effects were found neither on the factors sleep 
and general activation of the Thayer scale, nor on the VAS scales. 
Correlations. There were many and high correlations within measures over 
time, indicating reliability of results. Correlations were also computed between 
parameters to explore equivalence between measures. RTs of the SART and 
memory-SART were correlated (correlations between r = 0.51; p = 0.035 and r 
= 0.80; p < 0.001). No pattern of correlation was present for misses or false 
alarms. VAS sleepiness correlated highly with sleepiness scores of the Thayer 
(correlations between r = 0.59; p = 0.015 and r = 0.92; p < 0.001). VAS 
alertness scores correlated positively with Thayer’s general activation scores 
(correlations between r = 0.53; p = 0.037 and r = 0.72; p = 0.002) and 
negatively with sleepiness scores (correlations between r = -0.51; p = 0.045 and 
r = -0.77; p < 0.001). No significant correlations were found between VAS 
scores and task performance. Between Thayer scores and performance data there 
were correlations (for all factors) that revealed a positive correlation between 
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alertness and behavioral performance (correlations between r = 0.50; p = 0.048 
and r = 0.67; p = 0.003). 
 
5.1.5 Discussion 
Subjective and performance vigilance measures showed similar trends in diurnal 
variation: lower in the morning and evening and highest during the day. This 
pattern is probably caused by the combined effects of circadian and homeostatic 
processes (Achermann & Borbély, 1994; Borbély, 1982; Carrier & Monk, 2000; 
Daan, Beersma & Borbély, 1984). The separate effects of these processes were 
not explored in this study. Though not robust, the diurnal trend found in this 
study is similar to results of others (Clements, Hafer & Vermillion, 1976; 
Folkard, 1983; Folkard, Marks, Minors & Waterhouse, 1985; Higuchi, Liu, 
Yuasa, Maeda & Motohashi, 2001). 
In line with the first hypothesis, the performance plots (for misses) indicated 
an earlier performance peak for the resource-demanding memory-SART than for 
the simple SART. The ANOVA revealed only a slight task difference, which 
nevertheless concerned precisely our hypothesis. Performance on the memory 
SART tended to peak at 13.30h, whereas SART performance remained high 
until 16.00h. This earlier peak for a demanding task is in line with the literature 
(Folkard, 1983; Carrier & Monk, 2000; Folkard, Marks, Minors & Waterhouse, 
1985). Moreover, it corroborates the view that vigilance is lowered when 
resources are depleted (Sanders, 1998). The more resources a task requires, the 
earlier a decrease in resources is reflected in worse performance. Although 
separate performance rhythms have been suggested (Carrier & Monk, 2000), the 
most parsimonious assumption appears to be that resource availability 
determines the timing of all peaks. In addition, two factors of the Thayer scale 
showed early peaks. Therefore, subjective scores seem sensitive vigilance and 
resource measures as well. 
Performance plots showed that the amplitude in variation was greater for the 
memory-SART, which confirms our second hypothesis. The ANOVA, however, 
showed only a trend towards a task difference. Nevertheless, this trend does 
substantiate Lavie’s (1980) findings that difficult tasks are sensitive for diurnal 
effects. Moreover, the results are also in line with a resource view on vigilance. 
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The most demanding task, which requires the highest amount of resources, 
tended to be the most sensitive in revealing daily fluctuations. 
In contrast to the SART, the memory-SART yielded a massive decline 
during task performance. This larger decrement for a demanding task is 
consistent with other studies (Matthews & Davies, 2001; Parasuraman & 
Mouloua, 1987; Smit, Eling & Coenen, 2004a) and corroborates a resource view 
on performance (Wickens, 1984; Wickens & Kessel, 1980). It strongly suggests 
that the amount of required resources determines whether a decrement is 
observed. Therefore, demanding tasks – which require high amounts of 
resources – appear particularly appropriate as vigilance tasks. Moreover, the 
results show that vigilance tasks need not be of long duration, since the duration 
of the memory-SART is less than 5 minutes. 
RTs of the memory-SART declined steadily over the day. Similar RT-
effects have been found before (Craig, Davies & Matthews, 1987; Monk & Leng, 
1982). This result is particularly interesting, as in the present study only one task 
per day was presented. Practice effects are therefore less likely, and faster 
responses are still made at later testing times. Monk and Leng (1982) found a 
coinciding trend in the amount of false alarms and argued that people become 
less accurate throughout the day. Hence, they suggest that there is no inverted u-
shaped diurnal trend for strategy, which is in line with our results. In the present 
study there was no Time effect for false alarms, but there appeared to be a non-
significant diurnal trend towards increasing false alarms in the second part of the 
memory-SART. To explain these effects we suggest there is a difference in 
diurnal trends for basic vigilance and response strategy. The basic level of 
vigilance – affected by the combined effects of homeostatic and circadian 
processes – first increases and then decreases over the day. The readiness to use 
resources, however, might drop continuously throughout the day. 
Performance and subjective scores correlated. The amount of misses 
followed a pattern opposite to that of subjective alertness; the lower the alertness 
scores were, the more misses were made. This pattern of results is consistent 
with results of others (Carrier & Monk, 2000; Folkard, 1983; Folkard, Marks, 
Minors & Waterhouse, 1985) and has been found for the SART before (Manly, 
Lewis, Robertson, Watson & Datta, 2002). The early peak in subjective 
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alertness on some of the subjective factors suggests a close relation between 
memory-SART and subjective scores. Subjective and performance scores seem 
to measure vigilance in a similar fashion. More specifically, resources and 
vigilance appear to be conceptually linked; subjective alertness may be a 
sensitive measure of resource availability, as Matthews and Davies (2001) 
suggested.  
The pattern in diurnal performance variation was similar for both tasks. 
Nevertheless, there was (except for RTs) a lack of correlations of performance 
parameters between the tasks. This suggests that different processes, which 
show similar trends in diurnal variation, might underlie performance on the two 
tasks. In the SART an automatic response needs to be inhibited. The memory-
SART, however, places a great demand on working memory processing. 
Sanders (1998, 1983), in his cognitive-energetic model, distinguished two 
reservoirs of resources: activation and arousal. Activation refers to resources that 
are specifically related to overt responses. Arousal concerns resources linked to 
cognitive processing. Possibly, the SART requires more activation, whereas the 
memory-SART relies more on arousal. 
The present data indicate that if corrected for order and practice effects, the 
well-known diurnal vigilance effects (Carrier & Monk, 2000; Folkard, 1983; 
Folkard, Marks, Minors & Waterhouse, 1985; Monk & Leng, 1982) still remain. 
However, the effects were not robust, even though correlational analyses 
showed that all measures were reliable. The lack of vigor in the effects may have 
been due to the different method in collecting the data. Correspondingly, less 
robust diurnal findings have also been reported in a narcolepsy study in which 
motivational and order effects were ruled out (Henry, Satz & Heilbronner, 1993). 
Possibly, motivation drops after several tasks (Eysenck, 1982) and practice 
effects might predominantly affect the first testing sessions. The outcome of this 
combination of effects is an enhanced diurnal performance effect. 
In conclusion, diurnal variation in vigilance is also present if controlled for 
practice effects, but the effects appear to be less strong. Performance on the 
resource-demanding memory-SART tended to show an earlier performance peak 
and greater amplitude in diurnal variation, but results were not robust. 
Additionally, the demanding task yielded a steep performance decrement, 
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indicating that it is a particularly suitable vigilance task. Resource availability 
varies systematically with the level of vigilance. Stated even more resolutely, 
the availability of resources and the level of vigilance might be conceptually 
indistinguishable. The level of vigilance may be defined as the availability of 
processing resources, which can be determined by both performance and 
subjective measures. 
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5.2 Experiment 8 Increased sleep drive in narcolepsy: Evidence in EEG-
spectral power1 
 
5.2.1 Abstract 
Narcolepsy is associated with lowered vigilance. Diurnal variation in vigilance appears altered, 
but the exact nature of this change is unclear. It was hypothesized that the homeostatic sleep 
drive is increased in narcolepsy. Decreased levels of vigilance are reflected in low frequency 
band power in the EEG, so these frequencies were expected to be increased in the narcolepsy 
group. Furthermore, we predicted that low frequency power should increase over the day. 
Narcoleptic patients and healthy controls participated; they were not allowed to take medication 
or naps on the experimental day. EEG was measured at 9.00h, 11.00h, 13.00h, 15.00h, and 
17.00h, during rest and during reaction time tasks. In the narcolepsy group, alpha power was 
lower at rest at all times. Delta and theta power during rest and task performance increased 
steadily over the day in this group, from 11.00h onwards. Additionally, in the narcolepsy group 
beta2 power appeared higher during task performance and beta1 and beta2 power during rest 
was increased at the end of the day. The effects in the lower frequency bands strongly suggest 
that vigilance is low at all times. Moreover, vigilance declined progressively over the day, which 
suggests an enhanced sleep drive. It is not clear whether this pattern reflects an extreme state of 
low vigilance, or a pathological brain condition. The effects in the higher frequencies suggest 
that narcoleptic patients may make an effort to counteract their low vigilance level. 
 
5.2.2 Introduction  
Narcolepsy has been associated with lowered vigilance. For example, task 
performance is usually worse (Aguirre, Broughton & Stuss, 1985; Findley, 
Suratt & Dinges, 1999; Rogers & Rosenberg, 1990) and narcoleptic patients 
report more sleepiness (Hood & Bruck, 2002). EEG during wakefulness has not 
been studied extensively, but lower alpha power has been reported for 
narcoleptic patients and this has been interpreted as a vigilance decline (Honma 
et al., 2000). However, it is unlikely that effects are restricted to the alpha range 
if vigilance is indeed affected in narcolepsy. Theta power in particular is known 
to increase with tiredness or sleepiness (Ogilvie, Simons, Kuderian, MacDonald 
& Rustenburg; 1991, Smit, Eling & Coenen, 2004b). Therefore, increases in 
lower frequency bands than alpha should also be present. 
                                                 
1 Accepted by Journal of Sleep Research: Smit, A. S., Droogleever Fortuyn, H., Eling, P. A. T. 
M., & Coenen, A. M. L. Increased sleep drive in narcolepsy: Evidence in EEG-spectral power. 
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The nature of the vigilance decrease in narcolepsy is not exactly clear. In 
order to find out what is ‘wrong’ with vigilance in narcolepsy, it is essential to 
study naturally occurring changes in vigilance over the day. Moreover, 
narcolepsy patients may be able to shortly raise their vigilance levels to control 
levels (Aguirre, Broughton & Stuss, 1985), and thus multiple testing sessions 
during the day are to be preferred. In healthy individuals, there is a systematic 
fluctuation in vigilance throughout the day, which appears to be caused by the 
combined effect of circadian and homeostatic processes (Achermann & Borbély, 
1994; Borbély, 1982; Carrier & Monk, 2000; Daan, Beersma & Borbély, 1984). 
Diurnal variations have been found in subjective alertness (Dijk, Duffy & 
Czeisler, 1992; Johnson, et al., 1992) and in task performance (Carrier & Monk, 
2000; Monk et al., 1985; Monk et al., 1997). These measures all suggest that 
vigilance tends to be low in the morning and evening and higher in the late 
morning or afternoon. Diurnal fluctuations have also been found in the EEG and 
it appears that most frequency bands are associated with homeostatic processes 
(Aeschbach et al., 1999; Lafrance & Dumont, 2000).  
Narcoleptic patients appear to have a deviant diurnal variation in vigilance. 
Some findings support the view that vigilance is constantly at a low level in 
narcoleptic patients (George, Boudreau & Smiley, 1996). Other results suggest a 
greater post-lunch dip on some measures (Pollak, Wagner, Moline & Monk, 
1992). It has been argued that the circadian process is impaired in narcolepsy 
(Broughton, Krupa, Boucher, Rivers & Mullington, 1998). However, we 
hypothesize that the pattern in diurnal variation may be due to an increased sleep 
drive. Patients, even under experimental control, are known to take naps during 
the experiment (Broughton, Krupa, Boucher, Rivers & Mullington, 1998; Monk 
et al., 1985). The alerting effect of a nap probably influences results (Gillberg, 
Kecklund, Axelsson & Ǻkerstedt, 1996; Helmus et al., 1997; Tamaki, Shirota, 
Hayashi & Hori, 2000) and can explain the improvement that has been found 
after the drop in performance in the afternoon. Therefore, it might be that 
vigilance declines continuously over the day in narcoleptic patients if naps are 
not permitted. In this case, the homeostatic sleep drive is likely to have 
increased, a view that has been suggested before (George, Boudreau & Smiley, 
1996). An increased influence of homeostatic processes is not a unique 
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phenomenon, as it has also been found in healthy men who were older than 
seventy years (Carrier & Monk, 2000). 
Most studies mentioned above measured vigilance by means of task 
performance or subjective scales. We explored diurnal effects on vigilance by 
means of EEG-measures. EEG was measured both during rest and during task 
performance of two tasks: the SART and the memory-SART. The SART is a 
short vigilance task (Robertson, Manly, Andrade, Baddeley & Yiend, 1997) and 
the memory-SART is a working memory version of the SART. We included this 
difficult working memory task, as highly demanding tasks appear to be most 
sensitive in assessing vigilance (Smit, Eling & Coenen, 2004a). We predicted 
that not only alpha power is affected, but especially the lower bands in the EEG 
are increased. Furthermore, we predicted that power in the lower frequencies 
increase throughout the day, as the sleep drive grows continuously over the 
waking day. 
 
5.2.3 Methods 
Participants. Participants were narcoleptic patients and healthy controls, 
who were recruited by means of advertisements. Participants in the narcolepsy 
group were four men and 13 women, with a mean age of 41 years (19 – 59), 
formally diagnosed with narcolepsy (see Table 1 for overview on neurological 
records and symptoms). Five narcoleptic patients were not on any form of 
medication; nine patients used ‘Modiodal’ (modafinil) and three patients used 
‘Ritalin’ (methylphenidate). Patients did not take any medication on the day of 
experimental testing. Participants in the control group were nine men and ten 
women, with a comparable mean age of 40 years (23 – 60), who were also 
matched for education. All participants were (otherwise) in good health and 
signed an informed consent. The experiment was approved by the University 
Committee on Research Involving Human Subjects, CMO number: 2001/013. 
Design and Procedure. A few days before the actual testing day, 
participants came to the laboratory for several hours to get acquainted with the 
experimental setting and to practice the tasks. This was done in order to 
minimize practice and familiarization effects during the testing day. On the 
testing day participants were not allowed to take medication.  
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Table 1. Symptoms and HLA records of narcoleptic patients included in the 
study. 
Patient Hypersomnia Cataplexy Hypnagogic 
hallucinations 
Sleep 
paralysis 
MSLT HLA 
1 + + + + pos DR-2 pos 
2 + + - - pos DR-2 pos 
3 + +/- - + +/- DR-2  pos 
DQB1*06
02 
4 + + + + +/- DR-2 pos 
5 + + - - neg DR-2 neg/ 
DQB1*06
02 neg 
6 + + + + pos DR-2 pos 
7 + + - + pos DR-2 pos 
8 + + + + pos DQB1*06
02 pos 
9 + + + - pos DQB1*06
02 pos 
10 + + + + pos DQB1*06
02 pos 
11 + + - - pos DR-2 pos 
12 + + - + pos DQB1*06
02 pos 
13 + + - - pos DQB1*06
02 pos 
14 + + + + pos DR-2 pos 
15 + + + + pos DQB1*06
02 pos 
16 + + + + pos DQB1*06
02 pos 
17 + + + - pos DR-2 pos 
MSLT: Multiple Sleep Latency Test 
+/-: atypical result; pos = positive; neg = negative 
HLA: Human Leukocyt Antigen 
 
All participants came to the laboratory at 9.00h. Then the electrodes were placed. 
Directly afterwards, the first block of testing began. Testing sessions were 
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repeated at 11.00h, 13.00h, 15.00h, and 17.00h. Each testing block consisted of 
the following parts: EEG recording during rest (2 minutes with eyes closed), and 
EEG-recording during two Reaction Time (RT) tasks: the SART and the 
memory-SART (a difficult working memory version of the SART). The order of 
the tests in each block was counterbalanced over participants (both in the control 
and the patient group). Between testing sessions, participants were allowed to go 
for short walks in the surroundings of the laboratory and relax in a separate 
room, where they could play games and read magazines. Two experimenters 
were constantly present in the experimenting rooms. Participants were not 
allowed to nap and were awoken immediately if they did tend to fall asleep. 
EEG Recording. Electrodes were placed at Fz, Cz, and Pz (Jasper, 1958). 
EEG was registered with Ag-Cl electrodes. The ground electrode was placed on 
the forehead and the left mastoid served as reference. Electro-ocular activity was 
recorded next to and above the right eye. Electrode impedance was less than 5 
kΩ. Signals were band-pass filtered between 0.16 Hz – 100 Hz and recorded 
digitally (512 Hz sample frequency). The EEG was checked off-line for artifacts. 
The spectral content of the EEG was determined by Fast Fourier 
Transformations (FFTs; frequency resolution of 1 Hz) with Hanning correction. 
For each EEG-measurement, spectral content was computed for 60 epochs of 2 
seconds. Subsequently, one grand average was made of the 60 spectral power 
values. We distinguished five frequency bands: delta (0-3 Hz), theta (4-7 Hz), 
alpha (8-12 Hz), beta1 (13-22 Hz), and beta2 (23-30 Hz). Power within bands 
was averaged. EEG was always recorded during passive wakefulness with eyes 
closed. 
Materials and stimulus presentation. SART. In this test, 225 single digits (25 
of each of the nine digits; font: courier and sizes: 26, 28, 36 and 72) were 
presented visually on a computer screen (“17 inch”: diameter of 40 cm) over a 
4.3-min period. Each digit was presented for 250 ms, followed by a fixation 
cross of 900-ms duration. Subjects were requested to respond with a key press 
(with their preferred index finger) to each digit, except in those cases that the 
digit 3 appeared. Then they had to withhold a response. The target digit 3 and 
the sizes of the digits were distributed throughout the 225 trials in a pre-fixed 
quasi-random fashion, in such a way that identical digits were not clustered. The 
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period from digit onset to digit onset was 1150 ms. Subjects were asked to give 
equal importance to accuracy and speed in doing the task. Both the digits and 
the fixation cross were presented centrally in white against a black background 
of the computer screen. The target digit 3 appeared 25 times in total. 
n-back. The same stimuli were presented as in the SART. The instruction, 
however, was different. Participants were asked to respond with a key press 
(with their preferred index finger) on each occasion a digit appeared that was the 
same digit as the preceding, minus 1. Thus, the digit 7 was considered to be a 
target if it was preceded by the digit 8. Targets appeared 26 times in total. 
 
5.2.4 Results 
Due to many artifacts (especially eye movements), data of some participants 
was excluded for some testing times. If there was only one testing time missing 
for a particular participant, the missing value was replaced by its group mean. 
Only three of the seventeen participants in the narcolepsy group were unable to 
stay awake all the time between 15.00h and 17.00h, but their data were included 
in the analyses. Analyses without the data of these three patients did not yield 
significantly different results. EEG was measured during rest and during task 
performance (SART and memory-SART). Data were first analyzed with a 5 x 3 
(Time x Electrode) repeated measures ANOVA, with Group as between factor. 
Due to interactions with Electrode, separate analyses were performed per 
electrode site. Spectral power figures of the FFTs are depicted in Figure 1 for 
the narcolepsy group and in Figure 2 for the control group. 
FFTs during rest. Delta band. Delta power was greater in the patient group 
than in the control group at Fz, F(1,23) = 6.19; p = 0.021, Cz, F(1,23) = 12.85; p 
= 0.002, and Pz, F(1,21) = 7.82; p = 0.012. There were Time x Group 
interactions at Fz, F(4,20) = 3.19; p = 0.035, Cz, F(4,20) = 2.89; p = 0.049, and 
a trend at Pz, F(4,20) = 2.47; p = 0.081. Additional analyses per group showed 
that at Fz, there was no Time effect in the control group, but there was a Time 
effect in the patient group, F(4,6) = 6.59; p = 0.022: delta power tended to be 
greater at 15.00h than at 9.00h (p = 0.058). At Fz there was more delta power in 
the narcolepsy group than in the control group at 13.00h, (p = 0.060), 15.00h (p 
< 0.001), and 17.00h (p = 0.011), at Cz there was more delta power in the 
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narcolepsy group at all testing times, except 9.00h (p-values between p = 0.042 
and p = 0.001), at Pz there was more delta power in the narcolepsy group at 
13.00h (p = 0.011) and at 17.00h (p = 0.001). In sum, delta power was greater in 
the patient group than in the control group, from 11.00h onwards. There was a 
continuous increase in delta power in the patient group only. 
Theta band. There was a main effect of Time at Fz, F(4,21) = 3.95; p = 
0.015 and a trend at Pz, F(4,19) = 2.52; p = 0.075: at Fz there was more theta 
power at 17.00h than at all other times (p-values between p = 0.060 and p = 
0.004); at Pz theta power tended to be lower at 9.00h than at all other times (p-
values between p = 0.17 and p = 0.052). There was a Time x Group interaction 
at Fz, F(4,21) = 3.07; p = 0.039, a trend at Pz, F(4,19) = 2.48; p = 0.079. 
Additional analyses per group revealed that at Fz, there was no Time effect 
present in the control group, but there tended to be a Time effect in the patient 
group, F(4,7) = 3.16; p = 0.088. Theta power was greater in the patient group 
than the control group at 13.00h, and 17.00h at all three electrode sites (p-values 
between 0.094 and p = 0.037). Additionally, theta power tended to be slightly 
higher in the patient group than in the control group at Pz, F(1,22) = 2.23; p = 
0.15. In sum, theta power increased during the day, but especially in the patient 
group (see Figure 3). There was more theta power in the FFT of the narcolepsy 
group than in that of the control group, from 13.00h onwards. 
Alpha band. There was more alpha power in the control group than in the 
patient group at Fz, F(1.23) = 8.42; p = 0.008, Cz, F(1.23) = 6.92; p = 0.015, 
and Pz, F(1.21) = 5.93; p = 0.024. This effect was present at all testing times (p-
values between p = 0.035 and p = 0.0005). 
Beta1 band. There was a trend towards a Time effect at Fz, F(4,20) = 2.67; 
p = 0.062: There tended to be more beta1 power at 13.00h than at 9.00h (p = 
0.073). There were no Time x Group interactions, but for all the three electrode 
sites there appeared to be an increase in beta1 power from 15.00h to 17.00h in 
the patient group, whereas at this time there appeared to be a decrease in beta1 
power in the control group. 
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Figure 1. Spectral power during rest at Fz, Cz, and Pz in the narcolepsy group. 
Time 1 = 9.00h, Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, Time 5 
= 17.00h. 
 
 
100
Natural vigilance changes: Diurnal variation 
 
t h e t a
F z  c o n t r o l g r o u p
1 2 3 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0
0
2
4
6
8
1 0
T i m e  1
T i m e  2
T i m e  3
T i m e  4
T i m e  5
H z
µ V
2
t h e t a
C z  c o n t r o l g r o u p
1 2 3 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0
0
2
4
6
8
1 0
T i m e  1
T i m e  2
T i m e  3
T i m e  4
T i m e  5
H z
µ V
2
t h e t a
P z  c o n t r o l g r o u p
1 2 3 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0
0
2
4
6
8
1 0
T i m e  1
T i m e  2
T i m e  3
T i m e  4
T i m e  5
H z
µ V
2
 
Figure 2. Spectral power during rest at Fz, Cz, and Pz in the control group. 
Time 1 = 9.00h, Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, Time 5 
= 17.00h. 
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Beta2 band. No effects were found. However, just as for beta1 power, beta2 
power appeared to increase from 15.00h to 17.00h in the patient group, but there 
tended to be a decrease in beta2 power from 15.00h to 17.00h in the control 
group (see Figure 3). 
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Figure 3. Theta power (left) and beta2 power (right) during rest with eyes 
closed, in the narcolepsy and control group, at all testing times. Time 1 = 9.00h, 
Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, Time 5 = 17.00h. 
 
FFT during SART. Delta band. No effects were found. 
Theta band. There was a main Time effect at Fz, F(4,11) = 5.64; p = 0.010, 
Cz, F(4,11) = 5.10; p = 0.014, and Pz, F(4,12) = 7.46; p = 0.003: At Fz theta 
power was less at 9.00h than at 15.00h (p = 0.098) and 17.00h (p = 0.022); at Cz 
there tended to be less theta power at 9.00h than at 15.00h (p = 0.092); and at Pz 
theta power was less at 9.00h than at 15.00h (p = 0.009) and 17.00h (p = 0.061), 
and there tended to be less theta power at 11.00h than at 15.00h (p = 0.058). 
Furthermore, at Pz there was a trend towards a Group x Time interaction, F(4,12) 
= 2.48; p = 1.00. Analyses per group showed that the Time effect was only 
significant in the patient group, F(4,4) = 6.44; p = 0.049: Theta power was 
greater at 15.00h than at 9.00h (p = 0.050) and 11.00h (p = 0.042). In sum, there 
was a continuous increase in theta power throughout the day, which was most 
robust in the patient group. 
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Alpha band. A main effect of Time was present at Fz, F(4,11) = 4.02; p = 
0.030, Cz, F(4,11) = 3.55; p = 0.043, and Pz, F(4,12) = 2.94; p = 0.066; alpha 
power was greater at 15.00h than at 9.00h (p-values between p = 0.15 and p = 
0.039). 
Beta1 band. No effects were present. 
Beta2 band. There was a trend towards a Time x Group interaction at Fz, 
F(4,11) = 2.58; p = 0.096. Additional analyses revealed a nearly significant 
effect of Group, F(5,10) = 3.09; p = 0.061, but at no testing time did a group 
difference reach significance. The trend, however, was that patients showed 
more beta2 power than control participants, except at 17.00h (see Figure 4). No 
significant effects were found at Cz and Pz, but the same trend was present. 
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Figure 4. Beta2 power during the SART, in the narcolepsy and control group, at 
all testing times. Time 1 = 9.00h, Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 
15.00h, Time 5 = 17.00h. 
FFT during memory-SART. Delta band. There was a Group x Time 
interaction at Fz, F(4,9) = 5.46; p = 0.016. Additional analyses did not reveal 
any significant differences between groups, due to lack of power (there were too 
few participants left for analysis). The trend, however, was that delta power 
increased continuously over the day for the patient group. The control group 
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showed a trough in delta power at 13.00h. No significant effects were present at 
Cz and Pz, but the same trends are visible (see Figure 5). 
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Figure 5. Delta power (left) and beta2 power (right) during the memory-SART, 
in the narcolepsy and control group, at all testing times. Time 1 = 9.00h, Time 
2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, Time 5 = 17.00h. 
 
Theta band. There was a main effect of Time at Cz, F(4,9) = 4.42; p = 0.030, 
and at Pz, F(4,9) = 5.02; p = 0.021: At Cz there was more theta power at 11.00h 
than at 9.00h (p = 0.013), and at Pz there was less theta power at 9.00h than at 
11.00h (p = 0.031), 15.00h (p = 0.031), and 17.00h (p = 0.046). In sum, theta 
power was lower at 9.00h than at the other testing times, for both groups. 
Alpha band. There was a Group x Time interaction at Pz, F(4,9) = 4.91; p = 
0.022. Additional analysis revealed a group difference, F(5,8) = 3.91; p = 0.043, 
but this difference did not reach significance at any particular testing time. There 
appeared to be a trend of lower alpha power in the patient group. 
Beta1 band. There was a Time effect at Cz, F(4,9) = 3.25; p = 0.066, and Pz, 
F(4,9) = 4.53; p = 0.028: At Cz beta1 power was higher at 15.00h than at 9.00h 
(p = 0.048); at Pz there was the same trend (p = 0.077). 
Beta2 band. Effects were not significant (p-values > 0.1), but there appeared 
to be more beta2 power in the patient group at all sites (see Figure 5). 
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5.2.5 Discussion 
Alpha power during rest was reduced in the narcolepsy group. This result is in 
line with findings of others and has been associated with vigilance lowering 
(Honma et al., 2000). Lowered alpha power has been observed in conditions of 
very low vigilance in the pre-sleep period (Ogilvie, Simons, Kuderian, 
MacDonald & Rustenburg, 1991) and suggestions have been made that alpha 
power is linked to the input of information (Klimesch, 1999). The fact that alpha 
power was already lowered at 9.00h supports the idea that vigilance is always 
reduced in narcoleptic patients (George, Boudreau & Smiley, 1996). Power in 
the alpha range was low in the narcolepsy group, but fairly stable over the day. 
This result indicates that alpha power is not related to the homeostatic sleep 
drive, which corroborates findings of others (Aeschbach et al., 1999). 
Delta and theta power were enhanced, both at rest and during the memory-
SART. An increase in low frequency bands is considered to reflect low levels of 
vigilance (Ballard, 1996; Ogilvie, Simons, Kuderian, MacDonald & Rustenburg, 
1991; Paus, Zatorre, Hofle & Caramanos, 1997). Delta power increases are 
usually found in sleep (Ogilvie, Simons, Kuderian, MacDonald & Rustenburg, 
1991), which suggests that participants may have been asleep during the two-
minute recording, despite the explicit instruction to stay awake. However, after 
sleep onset all frequencies, including alpha and higher frequencies, are known to 
increase in power in healthy individuals (Ogilvie, Simons, Kuderian, 
MacDonald & Rustenburg, 1991). Furthermore, delta power was also enhanced 
during task performance and patients did continue to respond, which indicates 
that they were not asleep. Alternatively, the EEG of narcoleptic patients might 
not be similar to that of healthy individuals. As a matter of fact, a slowing of 
EEG, combined with a decrease in alpha power, has been reported in conditions 
of encephalopathy (Bradshaw et al., 2001; Kamei et al., 1999). However, in 
these cases higher frequencies (beta) are decreased, and this was not the case in 
the narcolepsy group. In all, the increase in lower frequencies in the EEG of the 
narcolepsy group reflects a vast decline in vigilance. It is not clear whether the 
pattern found reflects extremely low vigilance, or a pathological brain state. 
In the narcolepsy group power in delta and theta was not only enhanced, but 
also grew continuously throughout the day. Additionally, we found no evidence 
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for the suggested greater post-lunch dip (Pollak, Wagner, Moline & Monk, 
1992). This lack of a dip may well have been caused by the fact that patients 
were not allowed to nap. It thus appears that the presence of naps may indeed 
have confounded results in other studies (Aeschbach et al., 1999; Lafrance & 
Dumont, 2000; Monk et al., 1997). The present effects in delta and theta power 
corroborate the view that the homeostatic sleep drive is enhanced in narcolepsy 
(Ferri, Pettinato, Nobili, Billiard & Ferrillo, 1999). In fact, theta power has been 
associated with the homeostatic sleep drive in healthy participants as well 
(Aeschbach et al., 1999). 
There was a strong trend of beta1 and beta2 power enhancement during rest 
at 17.00h in the patient group. Additionally, beta2 power seemed to increase 
during task performance in the narcolepsy group at all testing times. It might be 
that the increase in higher frequencies reflects the actual onset of sleep in the 
narcolepsy group at the end of the day (Ogilvie, Simons, Kuderian, MacDonald 
& Rustenburg, 1991). However, there was no increase in alpha power, which 
would be expected in sleep as well (Ogilvie, Simons, Kuderian, MacDonald & 
Rustenburg, 1991). Moreover, beta increase was present during task 
performance at all testing times. It is implausible that patients slept during the 
tasks, as they responded above chance level. It is more likely that patients 
sought to compensate their ever-increasing tiredness and tried hard to stay 
awake. A similar combination of effects (i.e. increase in theta and beta power) 
has been reported in participants who were mentally fatigued and awake (Kiroy, 
Warsawskaya & Voynov, 1996; Smit, Eling & Coenen, 2004b). 
During the SART, theta power increased throughout the day, especially in 
the patient group. During the memory-SART, there seemed to be a diurnal 
decrease in alpha and increase in delta power in the patient group. Although the 
SART and the memory-SART thus seemed to affect the EEG somewhat 
differently, effects were not robust. Therefore, EEG evidence for the difference 
between tasks was not strong. However, performance measures have 
demonstrated that the memory-SART is a very sensitive vigilance task (Smit, 
Eling & Coenen, 2004a), which distinguished narcoleptic patients from control 
participants in a previous study.  
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There appeared to be a general diurnal trend in spectral power for the 
different bands. During the memory-SART, theta power was lowest at 9.00h. 
Diurnal variation has been found before in the theta band (Lafrance & Dumont, 
2000), and has been associated with the homeostatic sleep drive (Aeschbach et 
al., 1999). The fact that theta power was lowest in the early morning for all 
participants is in line with this view. Beta1 power was highest at 13.00h during 
rest and highest at 15.00h during the memory-SART. Beta1 power has also been 
related to homeostatic sleep drive (Aeschbach et al., 1999), but this is not 
supported by our results. In contrast, the present results appear to suggest that 
beta1 power is present especially during the (mid-) afternoon. During the SART, 
alpha power was greatest at 15.00h. This result is compatible with results of 
Aeschbach and co-workers (Aeschbach et al., 1999), who suggested that alpha 
power is modulated mainly by circadian processes. The fact that this alpha effect 
was present in all participants again suggests that in narcolepsy circadian 
processes are less disturbed than homeostatic processes. 
In conclusion, narcoleptic patients suffered from a lowered level of 
vigilance at all testing times, both in rest and during task performance. 
Therefore, vigilance in medication-free narcoleptic patients does not appear to 
reach normal levels at any time. Vigilance continuously declined further over 
the day in the narcolepsy group, which indicates that the homeostatic sleep drive 
is increased. The increase in high frequency bands, which was present during 
task performance at all times and during rest at the end of the day, suggests that 
narcoleptic patients may actively try to counteract their low level of vigilance. 
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5.3 Experiment 9 Diurnal performance decline in narcolepsy: Limitation of 
processing resources1 
 
5.3.1 Abstract 
Diurnal vigilance variation was investigated in narcoleptic patients, who refrained from drug 
intake. They were compared with healthy matched controls. Vigilance was determined with 
performance and subjective measures. Three hypotheses were tested. First, we investigated 
whether sleep propensity is enhanced in narcolepsy. We predicted that if patients are not allowed 
to nap, a continuous diurnal decline in vigilance should be present. Second, we tested whether 
high-demanding tasks are sensitive measures of vigilance decline in narcolepsy. Third, we 
investigated whether a memory impairment in narcolepsy is related to the vigilance decline. 
Results showed that task performance and subjective alertness were lower for patients than for 
controls at all times. This indicates that performance and alertness are always at lower levels in 
narcoleptic patients. Patients’ vigilance continuously declined further and the difference between 
the control and patient group increased over the day. There thus appeared to be an enhanced 
sleep propensity in the narcolepsy group. Furthermore, the high-demanding task was more 
sensitive than the low-demanding task in discriminating the control group from the patient group. 
Additionally, patients’ memory performance tended to be worse, which appeared to be 
associated with the vigilance decline. In conclusion, vigilance in narcoleptic patients is lowered 
and declines progressively over the day. As vigilance is low, narcoleptic patients have less 
cognitive processing resources, which impairs them especially on high-demanding tasks. 
 
5.3.2 Introduction 
Vigilance decline in narcolepsy has been observed repeatedly in task 
performance (Aguirre, Broughton & Stuss, 1985; Findley, Suratt & Dinges, 
1999; Rogers & Rosenberg, 1990). However, the nature of this vigilance effect 
is not exactly clear. In order to investigate vigilance problems in narcolepsy, it 
would be informative to examine to what extent narcolepsy patients differ from 
healthy people in naturally occurring vigilance fluctuations throughout the day. 
Vigilance varies during the waking day in healthy people. This fluctuation 
over the day is generally termed ‘diurnal variation’ (Folkard, 1983) and is 
probably attributable to the joint effects of circadian and homeostatic processes 
(Aeschbach et al., 1999; Carrier & Monk, 2000; Dijk, Duffy & Czeisler, 1992; 
                                                 
1 Submitted to Journal of Sleep Research: Smit, A. S., Droogleever Fortuyn, H., Eling, P. A. T. 
M., & Coenen, A. M. L. Diurnal performance decline in narcolepsy: Limitations of processing 
resources. 
 
 
109
Chapter 5 
 
 
Johnson et al., 1992). Diurnal variations have been found in task performance 
(Carrier & Monk, 2000; Monk et al., 1985; Monk et al., 1997) and subjective 
alertness (Dijk, Duffy & Czeisler, 1992; Johnson et al., 1992). Normal diurnal 
variation in performance (i.e. in healthy participants) is not identical over tasks 
(Dijk, Duffy & Czeisler, 1992; Owens et al., 1998). Task performance on simple 
Reaction Time (RT) tasks more or less follows an inverted u-shaped pattern of 
diurnal variation: minimal in the morning and maximal at midday (Carrier & 
Monk, 2000), or later in the day (Folkard, Marks, Minors & Waterhouse, 1985). 
Maximal performance on working memory tasks and other cognitively 
demanding tasks is somewhat earlier in the day (Carrier & Monk, 2000; Folkard, 
1983; Folkard, Marks, Minors & Waterhouse, 1985). The pattern of diurnal 
performance appears to be similar over tasks, but the peak in performance is 
earlier for high-demanding tasks than for low-demanding tasks. 
Narcolepsy studies point towards deviant diurnal variation in task 
performance, but results of different studies are equivocal. A general tendency 
to perform worse has been reported (George, Boudreau & Smiley, 1996), and 
this suggests that vigilance is constantly at a lower level. On the other hand, a 
greater post-lunch dip has been found on some measures (Pollak, Wagner, 
Moline & Monk, 1992). It has been argued that the most parsimonious 
explanation is an impairment of the circadian process in narcolepsy (Broughton, 
Krupa, Boucher, Rivers & Mullington, 1998). Conversely, we argue that an 
increased sleep drive may affect the diurnal pattern. In most studies on 
narcolepsy, patients are allowed to nap (Broughton, Krupa, Boucher, Rivers & 
Mullington, 1998; Pollak, Wagner, Moline & Monk, 1992). Naps are known to 
increase performance and alertness (Gillberg, Kecklund, Axelsson & Ǻkerstedt, 
1996; Helmus et al., 1997; Tamaki, Shirota, Hayashi & Hori, 2000). The 
alerting effect of a nap may well influence results and might cause a relative 
improvement after a drop in performance in the afternoon. Therefore, vigilance 
may decline continuously over the day in narcoleptic patients if naps are not 
permitted. In this case, the homeostatic sleep drive is likely to be increased, a 
view that has been suggested before (Ferri, Pettinato, Nobili, Billiard & Ferrillo, 
1999). 
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If it is predominantly a matter of enhanced sleep drive, performance on all 
tasks should grow worse over the day for narcoleptic patients. However, 
demanding tasks may be more sensitive in distinguishing healthy participants 
from narcoleptic patients. It has been argued that sensitive vigilance tasks are 
those tasks that are highly demanding and thus require high amounts of 
processing resources (Smit, Eling & Coenen, 2004a; Wickens, 1984; Wickens & 
Kessel, 1980). If vigilance is lowered, processing resources are assumed to be 
less available (Sanders, 1998). If narcoleptic patients are less vigilant, they 
should have fewer resources available and should thus perform worst on 
demanding tasks. 
Narcolepsy not only affects vigilance, but patients report memory problems 
as well (Hood & Bruck, 1997). When experimentally tested, narcoleptic patients 
do not necessarily score worse than healthy participants (Rogers & Rosenberg, 
1990). Some investigators have argued that narcoleptic patients have problems 
with self-evaluation, rather than with memory processes (Hood & Bruck, 1997). 
However, Fulda and Schulz concluded in their review that a memory problem 
indeed exists (Fulda & Schulz, 2001). This problem may be secondary; the 
effects might be a consequence of a lowering in vigilance (Hood & Bruck, 1996; 
O’Neill & Trick, 2001; Pollak, Wagner, Moline & Monk, 1992), from which 
patients can escape temporarily when tested under specific conditions (Aguirre, 
Broughton & Stuss, 1985). 
Although a relation between vigilance and memory is intuitively plausible, 
it has proven difficult to confirm this relation in experiments with healthy 
participants (Fluck et al., 1998; Gorissen, Tielemans & Coenen, 1997; Quigley, 
Green, Morgan, Idzikowski & King, 2000). The narcolepsy literature does not 
seem to fully clarify the issue; memory problems have been found without 
vigilance lowering (Henry, Satz & Heilbronner, 1993) and in another narcolepsy 
study healthy sleep-deprived participants who were subjectively and 
physiologically equally drowsy as patients did not perform worse on cognitive 
tasks (Hood & Bruck, 2002). Additionally, a short nap does seem to improve 
performance in narcoleptic patients, but not in healthy sleep-deprived 
participants (Hood & Bruck, 2002). 
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In view of the experimental results mentioned above, three hypotheses were 
tested. First, we predicted that an enhanced sleep drive can explain the pattern in 
diurnal variation for narcoleptic patients. Hence, we expect that performance 
and alertness in the patient group will gradually decline during the day if naps 
are not allowed. Second, we predict that narcoleptic patients are impaired on the 
demanding task in particular. Third, we hypothesized that vigilance and episodic 
memory performance are related. There should be a simultaneous drop in 
memory performance if vigilance declines and variation in memory performance 
should correlate with changes in vigilance. 
 
5.3.3 Methods 
Participants. Participants were narcoleptic patients and healthy controls, 
who were recruited by means of advertisements. Participants in the narcolepsy 
group were four men and 13 women, with a mean age of 41 years (19 – 59), 
formally diagnosed with narcolepsy (see Table 1 of previous experiment for 
overview on neurological records and symptoms). Five narcoleptic patients were 
not on any form of medication; nine patients used ‘Modiodal’ (modafinil) and 
three patients used ‘Ritalin’ (methylphenidate). Patients did not take any 
medication on the day of experimental testing. Participants in the control group 
were nine men and ten women, with a comparable mean age of 40 years (23 – 
60), who were also matched for education. All participants were (otherwise) in 
good health and signed an informed consent. The experiment was approved by 
the University Committee on Research Involving Human Subjects, CMO 
number: 2001/013. 
Design and Procedure. A few days before the actual testing day, 
participants came to the laboratory for several hours to become acquainted with 
the experimental setting and to practice the tasks. This was done in order to 
minimize practice and familiarization effects during the testing day. 
All participants came to the laboratory at 9.00h. There were five testing 
blocks, at 9.00h, 11.00h, 13.00h, 15.00h, and 17.00h. Between testing sessions, 
participants were allowed to go for short walks in the surroundings of the 
laboratory and relax in a separate room, where they could play games and read 
magazines. Each testing block consisted of parallel versions of the following 
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tasks: two Reaction Time (RT) tasks: the SART (Sustained Attention to 
Response Test; Robertson, Manly, Andrade, Baddeley & Yiend, 1997), the 
memory-SART (a demanding working memory version of the SART), and a 20-
word memory test. Additionally, two subjective alertness questionnaires were 
presented: a Visual Analogue Scale (VAS) and the Thayer subjective alertness 
scale (Thayer, 1978). We used a revised version of the Thayer scale, which 
includes specific physical items. Memory performance on the 20-word test was 
tested for recall, both immediately after presentation (immediate recall) and 10 
minutes after presentation (delayed recall). The order of the tests in each block 
was counterbalanced over participants (both in the control and the patient group). 
Two experimenters were constantly present in the experimenting rooms. 
Participants were not allowed to nap and were awoken immediately if they did 
tend to fall asleep. 
Materials and stimulus presentation. SART. In this test, 225 single digits (25 
of each of the nine digits; font: courier and sizes: 26, 28, 36 and 72) were 
presented visually on a computer screen (“17 inch”: diameter of 40 cm) over a 
4.3-min period. Each digit was presented for 250 ms, followed by a fixation 
cross with a duration of 900 ms. The period from digit onset to digit onset was 
1150 ms. Subjects were requested to respond with a key press (with their 
preferred index finger) to each digit, except when the digit 3 appeared. The 
target digit 3 appeared 25 times in total. Then they had to withhold a response. 
The target digit 3 and the sizes of the digits were distributed throughout the 225 
trials in a pre-fixed quasi-random fashion, in such a way that identical digits 
were not clustered. Subjects were asked to give equal weight to accuracy and 
speed in doing the task. Both the digits and the fixation cross were presented 
centrally in white against a black background of the computer screen. 
memory-SART. The same stimuli were presented as in the SART. The 
instruction, however, was different. Participants were asked to respond with a 
key press (with their preferred index finger) whenever a digit appeared that was 
the same digit as the preceding, minus 1. For example, the digit 7 was 
considered to be a target if it was preceded by the digit 8. Targets appeared 26 
times in total. 
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Thayer scale. A revised paper-and-pencil version of Thayer’s subjective 
alertness scale (Thayer, 1978) was used. This scale entails the factors: energy, 
tiredness, tension and calmness, and an extra, validated factor: physical fatigue. 
Together, these factors are assumed to reflect the subjective state of alertness. 
VAS (visual analogue scale). Two paper-and-pencil versions of a visual 
analogue scale were used. The scale was a 10-cm stripe, ranging from 
“completely awake” to “extremely tired” for the alertness VAS and from 
“extremely sleepy – not sleepy at all” for the sleepiness VAS. 
Memory task. Five word lists of 20 nouns were used (Gorissen, Tielemans 
& Coenen, 1997). The words (24-point, Arial font) were presented on the 
computer screen for 2 seconds with an ISI of 1 ms and were matched for word 
frequency (Uit den Boogaart, 1975), imagery (Van Loon-Vervoorn, 1985) and 
number of syllables. Order of list presentation was counterbalanced across 
participants. 
 
5.3.4 Results 
Task performance. Only three of the seventeen participants in the 
narcolepsy group were unable to stay awake all the time between 15.00h and 
17.00h, but their data were included in the analyses. Their task performance 
showed a relative increase after the nap. Task data were split into two parts: the 
first and second part. This was done in order to investigate detrimental effects 
during the task. Misses, false alarms, and RTs were analyzed by 5 x 2 x 2 (Time 
x Task type x Part) repeated measures ANOVAs with Group as between subject 
factor. As there were interactions with Task type, separate 5 x 2 x 2 ANOVAs 
were done for the two tasks. 
SART: false alarms. As participants were instructed not to push a button on 
the target, the false alarm rate is considered to be a sensitive performance 
parameter in this task. There was a Group x Part interaction, F(1,29) = 10.22; p 
= 0.003. Additional 5 x 2 (Time x Part) tests revealed no effects in the 
narcolepsy group; in the control group there were more false alarms in the 
second part of the task, F(1,16) = 14.29; p = 0.002. 
SART: misses. Misses on the SART occurred in those instances that a 
response to a non-target was required, but was not made. There was a Time 
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effect, F(4,116) = 8.18; p < 0.001: Less targets were missed at 9.00h than at 
13.00h, 15.00h, and 17.00h (p-values < 0.019) and less targets were missed at 
11.00h than at 15.00h (p = 0.002). More targets were missed in the second than 
in the first part of the task, F(1,29) = 28.73; p < 0.001 (see Figure 1). There were 
interactions of Time x Part, Time x Group, Part x Group, and Time x Part x 
Group (p-values < 0.01). Additional 5 x 2 (Time x Part) analyses showed that 
only in the patient group there was a Time effect, F(4,52) = 6.55; p = 0.003: 
Less targets were missed at 9.00h than at all other times except 11.00h (p-values 
between p = 0.089 and p = 0.008) and more targets were missed at 15.00h than 
at 11.00h (p = 0.022).  
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 Figure 1. Misses in the first and second part: on the SART in the control group 
(top left) and the narcolepsy group (top right); and on the memory-SART 
(bottom). Time 1 = 9.00h, Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, 
Time 5 = 17.00h. 
 
There were also effects of Part and Time x Part in the patient group. These 
effects will be discussed in the analyses below. Additional 2 x 2 (Group x Part) 
analyses were done for all testing times. No effects were found at 9.00h. At all 
other testing times, more targets were missed in the second than the first part of 
the SART (p-values between p = 0.049 and p < 0.001), and patients missed 
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more targets than control participants (p-values between p = 0.024 and p < 
0.001). There were Group x Part interactions (p-values between p = 0.066 and p 
< 0.001): Increases in misses in the second part of the task were only present in 
the patient group (p-values < 0.01). In sum, the least targets were missed at 
9.00h. Patients missed increasingly more targets over the day and they missed 
more targets than control participants from 11.00h on. Furthermore, their misses 
increased during the SART. Hence, narcoleptic patients progressively perform 
worse over the day. 
SART: RT. RTs were greater in the second than in the first part of the SART, 
F(1,28) = 19.64; p < 0.001 (see Figure 2). Patients responded slower than 
control participants, F(1,28) = 24.26; p < 0.001. There was a Group x Part 
interaction, F(1,28) = 7.61; p = 0.010. Additional 5 x 2 (Time x Part) analyses 
were done. In the control group, there was an interaction of Time x Part, F(4,64) 
= 3.34; p = 0.020: RTs in the first part of the SART tended to be slower at 9.00h 
than at 13.00h; there were no effects in the second part of the task. Patients 
responded slower in the second than in the first part of the task, F(1,12) = 23.80; 
p < 0.001. 
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 Figure 2. Reaction Times on the SART (left) and the memory-SART (right), in 
the first and second part of the tasks. Time 1 = 9.00h, Time 2 = 11.00h, Time 3 
= 13.00h, Time 4 = 15.00h, Time 5 = 17.00h. 
 
 
 
116
Natural vigilance changes: Diurnal variation 
 
In sum, on the SART patients responded slower and slowed down even more in 
the second part of the SART. Hence, narcoleptic patients respond slower than 
healthy controls at all times. 
Memory-SART: misses. As participants were instructed to push a button on 
the target, the amount of misses was considered a sensitive performance 
parameter. There was a Time effect, F(4,116) = 10.89; p < 0.001: Less targets 
were missed at 9.00h than at all other times (p-values < 0.05): Less targets were 
missed at 11.00h than at 13.00h and 15.00h (p-values < 0.05). Less targets were 
missed in the first than second part of the memory-SART, F(1,29) = 58.19; p < 
0.001 (see Figure 1). Patients missed more targets than control participants, 
F(1,29) = 76.59; p < 0.001. There were Part x Group and Time x Group 
interactions (p-values < 0.01). Additional 5 x 2 x 2 x (Time x Task type x Part) 
analyses showed only a Time effect in the narcolepsy group, F(4,52) = 8.67; p < 
0.001: Less targets were missed at 9.00h than at all other times (p-values 
between p = 0.068 and p = 0.001) and more targets were missed at 13.00h than 
at 11.00h (p = 0.034). Significant Part effects will be presented below. 
Additional 2 x 2 (Group x Part) analyses were done for all testing times. More 
misses were made in the second than the first part at all times, (all p-values < 
0.001), and patients missed more targets than control participants, (p-values < 
0.01). At 9.00h, 11.00h and 13.00h, there were Group x Part interactions (p-
values < 0.05): Control participants missed more targets in the second than the 
first part (p-values < 0.05), but in the second part patients missed many more 
targets (p-values < 0.01). The absolute number of misses was smaller in the 
memory-SART than the SART, but the relative number was greater: The SART 
includes 200 targets, whereas the memory-SART consists of only 25 targets. In 
sum, more targets were missed in the second part of the memory-SART. The 
amount of misses continuously increased over the day. Patients missed more 
targets than control participants at all testing times and were most prone to 
performance decline during the task. Hence, narcoleptic patients’ performance is 
lower and declines progressively over the day. 
Memory-SART: false alarms. No effects were present. 
Memory-SART: RT. RTs were greater in the second than the first part of the 
memory-SART, F(1,24) = 9.25; p = 0.006 (see Figure 2). Patients responded 
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slower than control participants, F(1,24) = 19.52; p < 0.001. There was a trend 
towards a Time effect, F(4,96) = 2.22; p = 0.081: RTs at 11.00h were greater 
than at 9.00h (p = 0.040). In sum, responses slowed down during the task and 
patients responded slower than control participants. 
Memory performance. The amount of correctly remembered words was 
analyzed by 5 x 2 (Time x Group) ANOVAs. Scores on the immediate and 
delayed recall were analyzed separately. Immediate recall: There was a Time x 
Group Interaction, F(4,25) = 4.08; p = 0.011. Additional 1-way analyses (within 
factor: Time) showed that less words tended to be remembered in the narcolepsy 
group than in the control group at 13.00h (p = 0.054) and 17.00h (p = 0.091). 
Delayed recall: There was a Time effect, F(4,25) = 6.37; p = 0.001: More words 
were remembered at 9.00h than at all other times (p-values < 0.05). Although 
there was no Group effect, patients tended to remember fewer words than the 
controls (see Figure 3). 
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Figure 3. Words that were remembered correctly during the immediate and 
delayed recall of the 20-word test, for control and narcolepsy participants. 
Time 1 = 9.00h, Time 2 = 11.00h, Time 3 = 13.00h, Time 4 = 15.00h, Time 5 
= 17.00h. 
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Subjective judgment. Scores on the different factors of the Thayer subjective 
alertness scale, and scores on the VAS were analyzed by 5 x 2 (Time x Group) 
ANOVAs. 
Thayer scale. No effects were found on the factors general deactivation and 
high activation. Patients felt more sleepy than control subjects, F(1,29) = 46.45; 
p < 0.001 and patients felt less activated than control subjects, F(1,29) = 37.49; 
p < 0.001. Additional analysis showed that the group difference was present at 
all testing times (p-values ≤ 0.001). 
VAS. Patients felt less alert than control subject, F(1,27) = 24.63; p < 0.001. 
Additional analysis showed that the groups differed at all testing times (p-values 
≤ 0.003). The subjective scores all suggest that narcoleptic patients feel less alert 
than healthy controls at all times. 
Correlations. Correlations were computed between memory scores on the 
one hand and performance scores and subjective scores on the other hand. 
Control group. Vigilance and memory scores were not strongly related. At 
11.00h, misses on the SART were correlated with immediate recall scores (r = 
0.48; p = 0.042), and scores on Thayer’s factor high activation were correlated 
with delayed recall scores (r = 0.51; p = 0.029). At 15.00h, the amount of misses 
on the memory-SART were negatively related to immediate and delayed recall 
scores (r = -0.52, and r = -0.474; p-values < 0.05). 
Narcolepsy group. Vigilance and memory scores were more strongly related. 
At 9.00h, scores on the Thayer factor general deactivation were positively 
related to delayed recall scores (r = 0.52; p = 0.032). At 15.00h and 17.00h, 
SART misses and RTs were negatively related to immediate and delayed recall 
scores (correlations between r = -0.55, and r = -0.59; p-values < 0.05). At 
17.00h, memory-SART RTs were negatively related to immediate recall scores 
(r = -0.531; p = 0.016); scores on the added factor physical fatigue of the Thayer 
Scale were negatively related to immediate and delayed recall scores (r = 0.58, 
and r = 0.59; p-values < 0.05). 
 
5.3.5 Discussion 
Some differences between the control and narcolepsy group were already 
apparent at 9.00h. Responses were slower from the start in the narcolepsy group, 
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both on the SART and the memory-SART. Moreover, narcoleptic patients 
missed more targets than the control participants on the memory-SART. 
Furthermore, patients felt more sleepy, more physically fatigued, and less 
activated and alert during the whole day. These results confirm the idea that 
there is no time at which narcolepsy patients feel or perform at normal levels 
(George, Boudreau & Smiley, 1996). The effect on physical fatigue was 
especially interesting. Apparently, the sleepiness and tiredness does not merely 
entail mental aspects of vigilance, but also a physical component. One of the 
narcoleptic patients remarked that she tends to contract her muscles 
continuously in order to stay awake, and that this muscle contraction causes a 
sensation of physical fatigue. 
Vigilance declined progressively over the day in the narcolepsy group, both 
on the SART and the memory-SART. Performance was rather stable over the 
day in the control group. There was no evidence for a post-lunch dip. It appears 
that if naps are not allowed, there is no temporary vigilance increase in the 
afternoon in the narcolepsy group. The diurnal performance pattern in the 
narcolepsy group is compatible with the view that the sleep drive is enhanced 
(Ferri, Pettinato, Nobili, Billiard & Ferrillo, 1999). 
The two tasks differed with respect to sensitivity. Already at the start of the 
experiment did the memory-SART distinguish the patient group from the 
control group by means of all performance measures. The SART yielded a 
group difference for all performance measures at 11.00h. Therefore, the 
demanding memory-SART yielded the worst performance and was most 
sensitive in discriminating groups. These findings support a resource view on 
vigilance performance (Smit, Eling & Coenen, 2004a; Wickens, 1984). 
Narcoleptic patients, having a lower level of vigilance, might run short on 
resources, and thus perform worse on a high-demanding task at all times. The 
SART, which is less demanding, requires less resources and the patient’s 
availability of resources needs to be declined to a greater extent before 
performance starts to worsen significantly. 
Decrements in performance (part 1 of the task compared with part 2 of the 
task) during the simple SART were present in the patient group, but not during 
the first test session. Decrements were not present at any testing time in the 
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control group for this simple task. On the memory-SART, however, a decrement 
during the task was found for all participants at all testing times. These 
detrimental effects are again in line with the resource view (Wickens, 1984). 
Performance deteriorates during demanding tasks, as many resources are 
required (Matthews, Davies, Westerman & Stammers, 2000; Parasuraman, 
1985). It further suggests that already at the end of the morning narcoleptic 
patients run short on resources while performing the relatively undemanding 
SART. The decrement during the memory-SART was larger for the patients 
than for the control participants, further suggesting that narcolepsy patients have 
fewer resources available. Short but demanding tasks can thus discriminate 
patients from controls, which counteracts the suggestion that tasks need to be 
long in order to be sensitive (Pollak, Wagner, Moline & Monk, 1992). It appears 
that the sensitivity of the task is determined by the amount of required resources, 
not task duration per se. In all, it is clear that narcoleptic patients are particularly 
impaired if cognitive resources are required continuously. 
The amount of false alarms on the SART was not stable in the control 
group. As false alarms are associated with strategy (Howland, 1958; 
Parasuraman, 1998), these results suggest that strategy changes may have 
caused performance shifts on the SART in the control group. There were no 
effects of false alarms on the memory-SART. Consequently, performance 
effects were probably due to ‘genuine’ drops in vigilance on this task (Craig, 
1987). There was no effect of false alarms in any of the tasks for the narcolepsy 
patients, who therefore never seemed to perform worse due to strategic changes, 
but always as a consequence of lowered vigilance and resource availability. 
There appeared to be a tendency towards a decrease of RTs over the day on 
the SART in the control group. These results are not in line with the worsening 
of performance throughout the day, but they are in accordance with results of 
others (Monk & Leng, 1982). Monk and Leng (1982) found an accompanying 
increase in the amount of false alarms, and they argued that subjects tend to 
become less accurate throughout the day. In this study the amount of false 
alarms did not change significantly over the day, but participants in the control 
group did make increasingly more false alarms towards the end of each SART. 
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This does suggest that, with time, control participants tended to become less 
accurate. 
There were diurnal effects that concerned both groups. Performance on all 
tasks (SART, memory-SART, and 20-word test) was best at 9.00h. This finding 
suggests that the multiple testing blocks were strenuous. Therefore, tiring effects 
that were caused by the tasks may have exceeded diurnal effects. 
Memory performance tended to be worse in the narcolepsy group than in the 
control group. However, the memory-SART was more sensitive than the 20-
word test, which indicates that working memory processes were probably more 
impaired than explicit episodic memory processes. The vigilance measures and 
memory scores showed similar patterns of continuous decline over the day. 
Furthermore, there were significant correlations between task performance and 
subjective alertness scores on the one hand and memory performance on the 
other hand, but mainly in the patient group. Therefore, it is plausible that 
memory problems in narcolepsy are (at least partially) secondary to vigilance 
declines (Hood & Bruck, 1996; Pollak, Wagner, Moline & Monk, 1992). The 
positive correlation at 11.00h in the control group between misses on the SART 
and the immediate recall score is peculiar and is not explained easily. However, 
it does suggest that the SART is less straightforwardly correlated with memory 
performance than the memory-SART. 
In some studies there was no association between vigilance and memory, 
neither in healthy participants (Fluck et al., 1998; Gorissen, Tielemans & 
Coenen, 1997; Quigley, Green, Morgan, Idzikowski & King, 2000), nor in 
narcoleptic patients (Rogers & Rosenberg, 1990). This lack of effect may be due 
to the fact that memory performance is influenced by many factors. One of these 
factors is vigilance, which probably is required to be at a certain level in order to 
remember at all. If vigilance is not declined to a large extent, correlations might 
be low. Only if vigilance is declined to a certain degree performance is severely 
impaired. In line with this view, in the present study the association between 
memory performance and vigilance was more pronounced in the extremely low-
vigilant narcoleptic patients, who were not allowed to nap. 
In conclusion, subjective alertness and task performance were lower in the 
patient group than in the control group from the start of the experiment. 
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Patients’ vigilance continuously declined further and the difference between the 
control and patient group grew throughout the day. No evidence was found for a 
greater post-lunch dip for the narcoleptic patients, who were not allowed to nap. 
There appears to be an enhanced sleep propensity for narcoleptic patients. The 
high-demanding task was more sensitive than the low-demanding task in 
discriminating the control group from the patient group. Memory performance 
tended to be worse in the narcolepsy group and this effect appeared to be (at 
least partially) secondary to the vigilance decline. Overall, narcoleptic patients 
have a low level of vigilance and become even less vigilant throughout the day. 
Due to this vigilance lowering, they have less processing resources available, 
which impairs them on cognitively demanding tasks in particular. The cause of 
the vigilance effects is not clear. The lowering in vigilance might be a 
consequence of the fact that narcolepsy is associated with sleep fragmentation, 
which is known to lower vigilance in healthy participants as well (Martin, 
Engleman, Deary & Douglas, 1996). There might also be a direct affliction of 
those brain structures that are involved in the regulation of vigilance (Whitehead 
& Schliebner, 2001). 
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Chapter 6 Vigilance and memory performance 
 
Besides vigilance, memory performance was also measured in the experiments 
reported in this thesis. In this chapter, the relationship is explored between 
memory performance and the level of vigilance. It has often been suggested that 
vigilance and memory processes are related (Dudai, 1989; Roth Roehrs, 
Stepanski & Rosental, 1990; Squire, 1987). More specifically, it has been 
argued that the level of vigilance at time of learning is an important factor in the 
recall of information (Dudai, 1989; Squire, 1987). Vigilance was lowered with 
several manipulations and memory effects were investigated in these different 
situations. Memory performance was measured in conditions of varying degrees 
of mental effort (experiments 1, 3, 4, 5, and 6), and physical effort (experiments 
5 and 6). Furthermore, diurnal fluctuations of memory performance were 
studied in narcoleptic patients (experiments 8 and 9) and healthy controls 
(experiments 7, 8, and 9). The data will be discussed per experiment.  
The word lists used consisted of 20 nouns (Gorissen, Tielemans & Coenen, 
1997) that were matched for word frequency (Uit den Boogaart, 1975), imagery 
(Van Loon-Vervoorn, 1985), and number of syllables. The words were always 
presented on the computer screen for 2 seconds with an ISI of 1 ms (24-point, 
Arial font).  
In experiment 1, memory performance was measured before and after 
mental effort (WAIS) or a control condition. A 2 x 2 (Condition x Time) 
ANOVA did not yield any effects; memory performance was similar between 
the conditions and stable over time. There was no significant effect of mental 
effort. 
In experiment 3, memory performance was measured before and after each 
mental task and control condition. Data were analyzed with a 4 x 2 (Condition: 
simple low demanding, complex low demanding, high demanding, control x 
Time) ANOVA. Memory performance was worse at time 2 than at time 1, 
F(1,16) = 8.79; p = 0.009. There were no other effects found. Mental effort did 
not affect memory performance. 
In experiment 4 memory performance was measured before and after a 
control condition and four mental tasks: monitoring simple, monitoring complex, 
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working memory simple and working memory complex. A 5 x 2 (Condition x 
Time) ANOVA revealed that memory performance was worse at time 2, F(1,17) 
= 29.4; p < 0.001. Again, no effects of mental effort were present. 
Experiment 5 concerned the comparison of mental and physical effort. 
Memory performance was measured three times: before manipulation, after the 
first manipulation (either physical or mental effort), and after the second 
manipulation (either physical or mental effort). A control condition was also 
included, in which memory performance was also measured three times. Hence, 
there were three groups: a control group, a group that was presented with mental 
effort first and a group that was presented with physical effort first. Data were 
analyzed with a 3 x 3 (Group x Time) ANOVA. There was a main effect of 
Time, F(2,82) = 3.42; p = 0.038: Memory performance tended to be higher at 
time 2 than at time 1 (p = 0.065). There was also a Group x Time interaction, 
F(4,82) = 2.70; p = 0.036. Univariate analyses revealed that there were no group 
differences at time 1 and 2, but there was a difference at time 3 (p = 0.002): 
Memory performance was better after physical effort in group 1 than in the 
control condition. In order to investigate whether physical effort indeed 
improved performance, a new analysis was performed without control data. For 
this analysis, the conditions mental effort and physical effort were compared 
with the baseline condition (see Figure 1).  
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Figure 1. Memory performance scores of experiment 5, in the baseline condition, 
and after mental and physical effort. 
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Data were analyzed with a 3 x 2 (Condition x Group) ANOVA. There was a 
main effect of Condition, F(2,54) = 3.94; p = 0.029: Memory performance was 
better after physical effort than in the baseline condition (p = 0.019). Mental 
effort did not affect memory performance. 
Experiment 6 also concerned physical and mental effort. Memory 
performance was measured for every participant before and after mental and 
physical effort and a control condition. This study failed to replicate the effects 
after physical effort. The only effect found was that memory performance was 
worse at time 2, F(1,16) = 5.18; p = 0.037.  
Memory performance was measured four times during the day in the diurnal 
study of experiment 7. The ANOVA (within subject factor: Time) did not reveal 
any significant changes over the day. Memory performance effects were also 
included in the narcolepsy study of experiment 9. The amount of correctly 
remembered words was analyzed by 5 x 2 (Time x Group) ANOVAs. There was 
a Time effect, F(4,25) = 6.37; p = 0.001: More words were remembered at 9.00h 
than at all other times (p-values < 0.05).  
In the experiments described in this thesis vigilance was repeatedly found to 
be decreased after mental effort. There was no evidence for an enhanced 
deterioration of memory performance after highly demanding tasks. Memory 
performance appeared to decline after mental effort, but to the same extent as in 
a control condition.  It seems that memory performance on a subsequent list is 
usually worse than on the first list, irrespective of demanding mental 
manipulations. This may well be caused by interference of previous lists, which 
is not present during the first presentation of a list. Although there was a slight 
increase in memory performance after physical effort in experiment 2, this result 
was not replicated in experiment 6. No clear diurnal pattern was found in 
memory performance.  
In contrast to the view that is often outlined in text books (Dudai, 1989; 
Squire, 1987), there does not seem to be a clear relation between vigilance and 
memory performance. It is noteworthy that many studies on the relation between 
vigilance and memory concern the investigation of drugs. In fact, Gorissen and 
colleagues already found that a vigilance decrement only caused memory 
impairments after benzodiazepine intake and not after sleep deprivation 
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(Gorissen, Tielemans & Coenen, 1997). Gorissen determined decrements in 
vigilance with subjective measures of alertness; in the experiments of this thesis 
EEG measures were also included. The present results also suggest that there is 
no strong link between vigilance and memory performance. A decrease in 
vigilance, determined by both EEG and subjective measures, did not coincide 
with worse memory performance. 
It might be that memory performance is only impaired in case of a massive 
vigilance decline, such as in narcoleptic patients. Alternatively, there might be a 
specific memory problem in narcolepsy, which may not be (entirely) due to the 
lowering in vigilance. In all, we did not find evidence for a close relation 
between the level of vigilance and memory performance. Possibly, if vigilance 
drops to a critically low level, memory performance is impaired. But above this 
point, other factors than the level of vigilance may play a more dominant role in 
memory processes. These factors might concern memory strategies 
(mnemonics), and active selective attention. All these processes are probably 
related to the level of vigilance, but in this manner the relationship between 
vigilance and memory processes is indirect and therefore more complex and less 
predictable. At any rate, a moderate decline in vigilance does not appear to 
specifically impair subsequent memory performance.  
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Chapter 7 General Discussion 
 
7.1 Vigilance explored 
As Head (1923) pointed out, a vigilant state is a state of high consciousness, but 
it is not a pure state of high activity, which might be labeled high ‘arousal’. The 
efficiency part of his definition is associated with cognitive processing and task 
performance. In this thesis, vigilance was conceived of as the amount of 
available resources required for cognitive processing. Vigilance was 
manipulated in some experiments: by means of varying degrees of mental effort 
and by means of physical effort. Furthermore, naturally occurring daily 
fluctuations were assessed; diurnal changes were studied in healthy participants 
and narcoleptic patients. With different measures, vigilance effects and the 
endurance of the effects were studied. The findings will first be discussed per 
measure used: EEG, performance, and subjective report. Then the results of the 
different measures will be integrated.  
 
7.2 Vigilance determined with EEG-measures 
In experiments 1, 2, and 5 the effects on the EEG signal were investigated 
following sustained mental effort. After mental task performance, theta power in 
the EEG spectral power was enhanced in all three experiments. The EEG data in 
this manuscript suggest that theta increments during task performance indeed 
reflect the level of vigilance and not (only) information processing itself, as the 
effects lasted well after task performance had ended. In experiment 2 EEG 
effects were also measured during the mental tasks. Theta power appeared to 
increase during the tasks, but this effect was not statistically significant. Other 
studies have shown significant theta increments during a sustained attention task 
(Ballard, 1996; Paus, Zatorre, Hofle, & Caramanos, 1997; Pennekamp, Boesel, 
Mecklinger, & Ott, 1994). It appears that theta power is a sensitive measure of 
lowered vigilance. In experiment 2 theta effects were compared between a 
discrimination and working memory task, as behavioral studies had indicated 
that working memory tasks lower vigilance most. In contrast to the expectations, 
there was no difference in theta power between the highly demanding working 
memory task and the simple discrimination task. This result does not 
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corroborate the view that theta power is sensitive in discriminating varying 
levels of vigilance decline. However, performance data in this EEG-experiment 
indicated that participants probably did not use their resources to the fullest 
while performing the demanding working memory task, so that the vigilance 
effect during this task was probably smaller than expected.  
The theta effects in vigilance research concern tonic, long-standing effects 
in the background EEG. Theta increases have also been related to processes of 
working memory (Burgess & Gruzelier, 2000; Kahana et al., 2001; 
Raghavachari et al., 2001; Tesche & Karhu, 2000). In this area of research, a 
short-term or phasic theta increment is reported, which is associated with better 
behavioral performance (Laukka et al., 1995; Klimesch, 1999; Pennekamp et al., 
1994). The two different manifestations of theta may seem contradictory, as 
tonic changes involve lowered vigilance and worse performance, whereas phasic 
changes are related to actual processing and better performance. Indeed, some 
investigators maintain that phasic and tonic theta activity reflect distinct 
processes (see e.g. Klimesch, 1999). However, direct empirical evidence seems 
to be lacking. A difference in topographical distribution has been used as 
argument (Gevins et al., 1996), but this concerns differences over studies and 
not a direct comparison within one study. In fact, Gevins and colleagues argued 
that the theta increments they found during task performance were distinct from 
theta manifestations in low vigilant states, as they were confined to the frontal 
(and predominantly midline) region. However, this was exactly where we found 
a theta increment (in the absence of stimuli) after sustained mental effort in 
experiment 2. In addition, other studies on working memory processing have 
reported theta enhancements that were not restricted to the frontal lobe 
(Raghavachari et al., 2001). Most importantly, topographical differences in theta 
manifestations do not exclude the possibility that theta activity is related to one 
general function.  
It might be that theta activity reflects one underlying function in both cases: 
blocking of cognitive processing. During a state of low vigilance, information 
may be blocked from being processed in a tonic manner. In the case of actual 
cognitive processing, incoming information might temporarily be blocked from 
further processing to some extent, so that working memory processes that are 
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related to the task can proceed without disturbance. Hence, processing of 
irrelevant information may be phasically blocked, so that only relevant 
information can be processed further.  
Both theta and delta power progressively increased throughout the day in 
narcoleptic patients. It has been suggested that the most parsimonious 
explanation of the vigilance effects in narcolepsy is that the circadian process is 
disturbed (Broughton, Krupa, Boucher, Rivers, Mullington, 1998). However, 
there was only a continuous increase in delta and theta power from the morning 
onwards. These results indicate that the sleep drive is enhanced in narcolepsy. 
Vigilance appears to be vastly lowered in narcoleptic patients from the start of 
the day. The cause of the vigilance effects is not clear. A possible explanation 
may be the fact that narcolepsy is associated with sleep fragmentation. Sleep 
fragmentation is indeed known for its effects on vigilance even in healthy 
people (Martin, Engleman, Deary & Douglas, 1996), but given the immensity of 
the vigilance impairment, which is much stronger than in healthy controls, it 
does not seem likely that merely sleep fragmentation is responsible.  
Delta power was greatly increased in awake narcoleptic patients. In healthy 
people delta power does not increase until sleep onset (Ogilvie, Simons, 
Kuderian, MacDonald & Rustenburg, 1991). Therefore, the EEG of narcoleptic 
patients differs significantly from the ‘normal’ pattern. They may suffer from a 
condition of encephalopathy, which is known to alter the spectral contents of the 
EEG in a manner that is not identical, but similar to that found for narcoleptics 
(Bradshaw et al., 2001; Kamei et al., 1999). There may be a malfunctioning in 
the (REM-) sleep/wake mechanism, which might concern an impairment of 
those brain structures that are involved in the regulation of vigilance. It has been 
argued that there is a regulating ‘switch’ between sleeping and waking, for 
which the hypocretin system is responsible (Saper, Chou & Scammell, 2001). 
Hypocretin neurotransmission has been found to be deficient in narcolepsy 
(Nishino, Ripley, Overeem, Lammers, & Mignot, 2000). Therefore, this 
regulating sleep/wake switch in narcoleptic patients appears to be 
malfunctioning (Overeem, 2003).  
Sustained mental effort increased theta activity, but also appeared to slightly 
increase beta2 power. The EEG of narcoleptic patients also revealed an increase 
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in beta2 power during task performance at all testing times, and during rest in 
the late afternoon. Possibly, increases in higher frequency bands are associated 
with compensatory processes. Narcoleptic patients, but also healthy low-vigilant 
participants, may actively try to counteract their low level of vigilance.  
After physical effort, alpha and beta1 power were enhanced and beta2 
power was reduced in the EEG. The decrease in beta2 power may reflect a 
decrease in active mental processing directly following the exercise. The 
combination of enhanced alpha and beta1 power suggests that physical effort 
leads to a global cortical activation (Kubitz & Pothakos, 1997). However, this 
condition of raised brain activity did not improve subsequent task performance. 
Frontally, beta1 power was not increased, but here a decrease in beta2 power 
was present. Cognitive functions and vigilance processes are likely to be highly 
dependent upon activation in the frontal lobes. Therefore, physical effort might 
increase cortical activity, but not in the frontal parts, which are predominantly 
involved in non-automatic cognitive processing. In other words, after physical 
effort the cortex was aroused, but the frontal lobes were not. Exactly this part of 
the brain is predominantly involved in the allocation of resources for cognitive 
processing. Physical effort thus appears to increase arousal or the general 
activity level, but it does not seem to increase resource availability.  
In sum, an increase in EEG theta power is a sensitive measure of vigilance 
decline. Mental effort lowers vigilance, but might simultaneously elicit 
compensational effort. Physical effort increases brain activity but not frontally, 
so that cognitive resources are not increased. Theta and delta power are 
increased in narcolepsy and continuously increase over the day. Hence, 
narcoleptic patients’ vigilance level is vastly decreased and drops throughout the 
day.  
 
7.3 Vigilance determined with task performance 
In several EEG-experiments, power in theta and beta activity was found to 
correlate with performance scores. More specifically, theta power was 
negatively and beta power was positively correlated with task performance. 
These correlations were present even if task performance data were not gathered 
at exactly the same time as the EEG registration took place. Passive EEG 
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registrations occurred first during the experiments and then a task was presented, 
or vice versa. This suggests that both measures are indeed related and may 
reflect the vigilance state of an individual in a similar manner. 
In every performance study presented here, demanding tasks yielded the 
worst performance and the steepest declines in performance. These findings 
contradict the predictions of the classic arousal theory, which states that 
decrements in performance are due to lack of stimulation, needed to maintain 
alertness at a required level (Ballard, 1996; Eysenck, 1982). Conversely, the 
results are in line with the resource view on performance. Resources are needed 
during task performance, especially in difficult tasks, and these resources are 
limited in their availability (Wickens, 1984). Although the resource view was 
originally introduced in the field of selective attention, this view also applies to 
sustained attention. Therefore, processes of selective and sustained attention 
may be closely linked (Parasuraman, 1985).  
A resource view on performance has typically been tested with dual task 
performance. The bottleneck might be the fact that attention needs to be 
allocated to different things at the same time. In experiment 4 performance 
effects of monitoring and cognitive load were studied, and results showed that it 
is not the mere dividing of attention that causes decrements in performance, but 
it is the amount of processing resources. Highly demanding tasks yielded worse 
performance and a steeper decrement than dual tasks.  
In demanding tasks both the overall level of performance and the decrement 
in performance can be explained in terms of processing resources. This may 
seem odd, as many investigators have argued that the decrement in performance 
is driven by processes other than those controlling overall performance levels 
(Matthews, Davies, Westerman, & Stammers, 2000; Parasuraman, Warm & See, 
1998). However, it may well be that declines on simple, repetitive tasks are 
generally due to so-called shifts in response criterion (Howland, 1958; 
Parasuraman, 1998). These shifts are not ‘genuine’ drops in vigilance, as they do 
not reflect lowered sensitivity to the stimulus. Hence, performance decrements 
in simple tasks do not necessarily reflect lowered vigilance, but are often a result 
of changes in response strategy.  
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Performance decrements during the demanding tasks of the present 
experiments appeared to be ‘genuine’ drops in vigilance. However, in 
experiment 4 the processing demands were immense in the computational tasks 
and this led to strategy changes. Therefore, cognitively demanding tasks may 
yield strategy changes as well, even though it has been suggested that 
decrements in performance on this type of tasks are generally due to drops in 
sensitivity (Parasuraman, 1985). ‘Genuine’ decrements in performance can be 
induced during highly demanding cognitive tasks if participants are explicitly 
instructed to maintain a particular strategy throughout the task. This finding 
underlines the impact of instruction and strategy. If participants stick with their 
strategy, greater resource expenditure in cognitive complex tasks is reflected in 
a performance decrement. Experiment 4 also showed that if different tasks are 
presented consecutively, performance on the last tasks was worse than 
performance on the first tasks, irrespective of task type. This result indicates that 
resources were not replenished immediately. Moreover, resources are at least 
partially task independent; different types of processing probably share common 
resources. 
In experiments 7, 8, and 9 diurnal variation in vigilance was investigated. 
These studies showed the well-known pattern of vigilance variation over the 
day: lowest in the morning and evening, and highest in the late morning or the 
afternoon. Moreover, these studies confirmed the resource view on vigilance 
performance. The most sensitive measure of vigilance fluctuations was the 
resource-demanding task. Performance on this task showed the steepest decline 
and revealed both an earlier performance peak and greater amplitude in diurnal 
variation.  
Vigilance performance in narcoleptic patients appeared to be lower at all 
times, especially for the most demanding task. Furthermore, performance level 
declined continuously throughout the day. This pattern is similar to that found 
on delta and theta power in the EEG. Hence, sleep propensity appeared highly 
increased in narcoleptic patients.  
In sum, performance on tasks requires processing resources. Especially 
demanding tasks need high availability of resources. The availability of 
resources and the level of vigilance might be conceptually indistinguishable; the 
 
 
134
General Discussion 
 
level of vigilance may be defined as the availability of processing resources. If 
performance needs to be sustained, the pool of available resources may be 
depleted. This depletion is reflected in a performance decline, which is a true 
drop in vigilance or resources. Contrary to our expectations, theta power in the 
EEG did not increase most after a demanding task in Experiment 2. However, 
the behavioral data of this study suggested that participants did not use their 
processing resources to the fullest, so that the decline in vigilance was not as 
large as could be expected. Performance on tasks that require less resources may 
gradually decline as well, but this decline is typically due mostly to a change in 
response criterion. This decline concerns higher order processing – motivation, 
(conscious) strategy shifts – and is therefore not directly related to the 
availability of resources.  
 
7.4 Vigilance determined with subjective measures 
In some experiments, subjective alertness scores were correlated with EEG-
spectral power in the different frequency bands. However, the experimental set-
up was not ideal for direct comparison of these measures. In most experiments a 
considerable period of time, between 5 and 15 minutes, was left in between the 
different measurements. Nevertheless, power in the frequency bands was 
associated with subjective scores, just as with performance scores. 
Subjective scores were related to behavioral performance in all performance 
studies. However, these scores did not differentiate varying degrees of cognitive 
load if the decrements were due or partly due to strategy changes. Subjective 
scores did distinguish tasks of great processing demand from tasks of lower 
processing demand if participants were instructed not to change their strategies. 
Subjective alertness declined most in those cases in which many processing 
resources were required and participants indeed maintained one strategy 
throughout the task. Narcoleptic patients, who were particularly impaired on the 
demanding tasks, scored much lower on subjective alertness scales at the same 
time. These results indicate that subjective alertness is a sensitive measure of the 
availability of processing resources, a view that has also been suggested by 
Matthews and Davies (2001). 
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In contrast to the results of the mental effort studies and the diurnal studies, 
subjective judgment was not always a sensitive resource measure after physical 
effort. In experiment 5, subjective alertness increased after physical effort, but 
subsequent task performance was not ameliorated. It might be that subjective 
alertness is increased after physical effort if cortical activity is increased, even if 
the activation is not specifically linked to cognitive processing. This indicates 
that subjective alertness is not always a sensitive measure of processing 
resources per se, but of cortical activity in general. If the frontal lobe and the rest 
of the cortex are similarly active, subjective alertness will give a fairly good 
estimate of the availability of resources. However, if the rest of the cortex is 
more active than the frontal lobe – which is crucial for complex cognitive 
processing – subjective alertness will not be a good estimate of resource 
availability. This activation pattern (i.e. less activity frontally than in the rest of 
the brain) was found after physical effort. Subjective alertness is probably 
formed by the general or average activation level of the entire cortex, which 
may sometimes by higher than frontal activity.  
In their review on fatigue, St. Clair Gibson and colleagues (2003) argued 
that it is not clear whether the sensation of fatigue is associated with localized 
brain structures or global activation patterns. Probably, the sensation of fatigue 
as a unidimensional construct does not exist. Fatigue or alertness is a feeling that 
may be caused by a variety of factors, which probably have their own (localized) 
projections in the brain. There appeared to be four separate factors of subjective 
alertness in experiment 6: ‘sleepiness’, ‘tension’, ‘calmness’, and a physical 
factor, which was associated with feelings of tension as well. The sleepiness 
factor might reflect the degree of general cortical activity, including activity of 
frontal parts of the brain that are required for mental processing. This factor 
might be most sensitive in determining the availability of processing resources. 
The physical factor may reflect the activity level of the peripheral nervous 
system and muscles.  
 
7.5 Vigilance and memory 
Memory performance and vigilance do not appear to be related. If vigilance is 
lowered to a moderate extent, memory performance is not affected significantly. 
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However, in the case of a substantial vigilance decline, such as in narcolepsy, 
the relation between memory and vigilance performance appears to be much 
stronger. Many different factors may affect memory performance, such as 
memory strategies and active selective attention; vigilance is only one of the 
factors involved. However, a certain level of vigilance is probably required in 
order to remember at all. If vigilance drops below this level, memory 
performance may be severely impaired. 
 
7.6 Main conclusions 
The main conclusions of this thesis are the following. Vigilance can be defined 
as the amount of available processing resources, which are required to a great 
extent during highly demanding cognitive tasks. Performance change in 
sustained simple tasks is more dependent on changes in response strategies than 
on changes in vigilance. Brain activation can be used as index of global arousal. 
Activity in the frontal brain parts may be closely linked to resource availability. 
An increase in theta power in the EEG is probably the most sensitive measure of 
vigilance lowering. It might be that theta reflects a process of blocking of 
information processing. Mental effort lowers vigilance, but enhances 
compensational effort at the same time. Physical effort increases brain activity 
but not frontally, so that cognitive resources are not increased. Subjective 
feelings of alertness are fairly good indexes of resource availability, as long as 
the activity level of different brain parts is similar. Subjective alertness is 
difficult to integrate into one general score, as it is based on activity levels of 
different parts of the organism. The vigilance measures used (EEG, performance, 
subjective judgment) all appear to be related to one another. Narcolepsy is 
associated with a vast decline in vigilance, which grows continuously during the 
day and is related to memory impairment. This relation between vigilance and 
memory is much less clear in healthy control participants. Moderate declines in 
vigilance do not appear to have any effect on memory performance. 
 
7.7 A model of vigilance 
The findings of the experiments are integrated in a vigilance model, which is 
presented in Figure 1. Both Kahneman (1973) and Sanders (1983, 1998) focused 
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on the mechanisms involved in processing during task performance. They 
distinguished different reservoirs of capacity or energy. The present model 
portrays the basic precondition for highly demanding cognitive performance, 
which represents the theoretical construct of availability of processing resources. 
In this way, Sanders’ and Kahneman’s references to energetics (arousal, 
activation, and capacity) can be measured. The model does not depict cognitive 
processing itself, which has been associated with high-frequency oscillations1. 
Importantly, the model concerns highly demanding task performance and not 
simple task performance, as experiment 4 showed that simple task performance 
is affected to a greater degree by changes in processes such as response 
strategies and less by the availability of resources, which are not required to the 
same extent as with cognitively demanding tasks.  
The model depicts the theoretical construct ‘resources’ and includes EEG 
characteristics and behavior. Vigilance stands for high cortical activity in those 
regions that reflect non-automatic cognitive processing resources. This cognitive 
processing is likely to occur especially in frontal areas. Therefore, the activity 
level of the frontal lobes might be considered as a more ‘pure’ reflection of 
vigilance in the strict sense. However, more areas have been proposed to be 
involved in vigilance and cognitive processes, such as the temporal-parietal area 
(Posner & Petersen, 1990; Robertson, 2001). The average activity of the rest of 
the brain might be seen as a general level of arousal, which is not specifically 
associated with demanding task performance. Tonic theta power in the EEG is 
depicted as a sensitive measure of lowered vigilance.  
                                                 
1 We are currently investigating these high-frequent oscillations in the EEG during processing, 
using the dataset of experiment 2. 
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Brain activity (‘arousal’) 
 
 theta in EEG
Low activity: 
(Frontal) brain activity, related to 
demanding cognitive processing: 
resources
- + 
Physical 
task
Demanding 
mental task 
- + - 
Task performance 
Periphery + 
muscles 
Figure 1. Represents a model of vigilance: Vigilance is confined to (frontal) 
brain activity that is related to highly demanding cognitive processing. After-
effects are included of conditions of mental and physical effort.  
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In the model different aspects of subjective alertness can be shown as well, 
but these are not explicitly depicted. The sleepiness component of subjective 
alertness may be based on the activity level of the entire cortex, including the 
activity level of those brain parts that are specifically linked to cognitive 
processing. The muscle-related physical component of subjective alertness 
might be a reflection of the activity level of the peripheral nervous system and 
muscles. The tension and calmness factors may be considered ‘emotional’ and 
might be associated more with activity in subcortical structures, but perhaps also 
with the peripheral activity level.  
The effects of demanding task performance and physical effort are included 
in the model. After sustained mental effort, activity of the entire brain is 
decreased, including the frontal part that is predominantly involved in cognitive 
processing. However, some parts of the brain may show small occasional 
increases in power in the beta range after sustained mental effort, which reflects 
compensational effort. After physical effort, peripheral (e.g. muscle) activity is 
decreased. At the same time, brain activity is increased, but not frontally. 
Therefore, general arousal is increased after physical effort, but availability of 
resources is not increased. Finally, it is important to note that high cognitive 
performance requires high vigilance, but high vigilance does not necessarily 
imply high performance levels.
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Summary  
 
Vigilance is a term that is used in many different scientific fields. In this 
manuscript, vigilance is defined as the energetic condition required for cognitive 
performance. The experimental focus of this manuscript was on the exploration 
of vigilance. What are the most sensitive vigilance measures, how do the 
different vigilance measures relate to each other, in what direction is vigilance 
affected in various conditions and are the effects of vigilance manipulations 
enduring? In chapter 2, vigilance effects of mental effort were investigated with 
EEG measures. It was found that mental effort enhances EEG-theta power 
enduringly. This theta power increase is indicative of a vigilance decline. 
However, beta2 power was also increased slightly. It was argued that this 
cortical activity might reflect compensational effort. The second experiment of 
chapter 2 confirmed that theta power is enhanced after mental effort. However, 
EEG results did not discriminate different conditions of resource demand. It is 
hypothesized that  theta power might reflect blocking of information processing, 
which occurs phasically during working memory and tonically in conditions of 
lowered vigilance.  
Two theories on vigilance performance were tested in chapter 3. In the first 
experiment, simple monotonous tasks were compared with demanding cognitive 
tasks. The arousal theory was falsified, as performance did not deteriorate due to 
stimulus monotony. Evidence was found for the resource view. Task 
performance requires processing resources, which are limited in availability and 
tend to wane if usage is sustained. Experiment 2 of chapter 3 showed that it is 
the amount of required processing resources that determines the overall level of 
performance and the performance decrement in vigilance tasks. It is argued that 
declines in simple, repetitive tasks and attentional monitoring tasks are not 
always ‘genuine’ drops in vigilance, but are often due to changes in strategy. 
‘Genuine’ decrements in performance can be induced by cognitive, highly 
demanding tasks. In the latter case, participants need to be explicitly instructed 
to maintain a particular strategy throughout the task. If performance is sustained 
in these effortful conditions, the continuous allocation of resources is reflected 
in vast drops in subjective alertness after the task has ceased. 
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Physical and mental effort conditions were compared in chapter 4. After 
physical effort, the EEG pointed towards a vigilance increase. Mental effort 
again lowered vigilance. Furthermore, the effects of mental and physical effort 
appeared to be rather independent. Despite the increase in cortical activation 
after physical effort, subsequent task performance was not ameliorated. 
Frontally, beta1 power was not increased, but here a decrease in beta2 power 
was present. It was argued that physical effort might increase cortical activation 
in general, but it may not upgrade activation that is specifically related to 
cognitive processing. Physical effort thus appears to increase the activity level 
or arousal, without facilitating cognitive task performance. In the first 
experiment of chapter 4, subjective alertness increased after physical effort. 
However, physically fatigued participants remarked that they did feel tired. The 
second experiment of chapter 4 showed that physical alertness is not assessed 
properly in the original Thayer alertness scale. New physical items were added 
to the original scale and Factor analysis revealed four factors: Thayer’s factors 
of ‘sleepiness’, ‘tension’, and ‘calmness’, and also a physical factor, that was 
associated with feelings of tension as well.  Sustained mental effort decreased 
feelings of alertness and calmness at the same time. Feelings of physical 
alertness were decreased after strenuous physical exercise.  
Chapter 5 focused on the diurnal variation of vigilance. The first 
experiment in this chapter revealed the well-known pattern of vigilance 
variation over the day: lowest in the morning and evening, and highest in the 
late morning, or afternoon. Moreover, this study confirmed the resource view on 
vigilance performance. The resource-demanding task was most sensitive in 
revealing vigilance fluctuations. Performance on this task showed the steepest 
decline and yielded both an earlier performance peak and greater amplitude in 
diurnal variation. The second and third experiment of chapter 5 concerned 
diurnal vigilance variation in narcolepsy. Results again showed that resource-
demanding tasks were most sensitive in measuring vigilance. Moreover, it was 
found that vigilance in narcolepsy is lower at all times. The decreased level of 
vigilance was correlated with memory impairment. Furthermore, there was a 
continuous further decline throughout the day. All these effects were present in 
the EEG and in performance measures. Hence, narcoleptic patients appear to 
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have an enhanced sleep drive. There may be a malfunctioning of the (REM-) 
sleep/wake mechanism, which might concern an impairment of those brain 
structures that are involved in the regulation of vigilance. 
In chapter 6 the relation between vigilance and memory performance was 
investigated. The memory performance effects were summarized that were 
found over all the vigilance experiments. There was no evidence for a close 
relation between the level of vigilance and memory performance. In fact, there 
was only a robust relation between vigilance and memory performance in 
narcoleptic patients. Possibly, if vigilance drops to a critically low level, 
memory performance is impaired. It might be that the relationship between 
vigilance and memory processes is indirect and therefore rather complex and not 
easily predictable. At any rate, a moderate decline in vigilance does not appear 
to specifically impair subsequent memory performance. 
In the general discussion in chapter 7 the main results found for all 
experimental conditions were discussed per measure used: EEG, performance, 
and subjective judgment. It was concluded that an increase in theta power in the 
EEG is a sensitive measure of vigilance lowering. It was suggested that theta 
power might reflect blocking of information processing. An increase in beta2 
power is not only present after mental effort, but also in narcoleptic patients. It 
was argued that this increase in higher frequencies might reflect compensational 
effort. Physical effort increases brain activity but not frontally, so that cognitive 
resources are not increased. Theta and delta power are increased in narcoleptic 
patients and continuously increase over the day. Hence, narcoleptic patients’ 
vigilance level is vastly decreased and drops even further throughout the day.  
 Performance on tasks requires processing resources. Demanding tasks 
need high availability of these resources. If performance is sustained, the pool of 
available resources may be depleted. This depletion is reflected in a 
performance decline, which is a true drop in vigilance or resources. The classic, 
boring vigilance task is not particularly suitable for determining the level of 
vigilance. Tasks that continuously require high availability of resources measure 
the level of vigilance more straightforwardly, especially if participants are 
explicitly instructed not to change strategies during the task. The availability of 
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resources and the level of vigilance might be conceptually indistinguishable: 
The level of vigilance may be defined as the availability of processing resources. 
Fatigue or alertness is a feeling that may be caused by a variety of factors, 
which probably have their own (localized) projections in the brain. There 
appeared to be four separate factors of subjective alertness: ‘sleepiness’, 
‘tension’, ‘calmness’, and a physical factor, which was associated with feelings 
of tension as well. The sleepiness factor might reflect the degree of general 
cortical firing, including activity of frontal parts of the brain that are required for 
mental processing. This factor might be most sensitive in determining the 
availability of processing resources. The physical factor may reflect the activity 
level of the peripheral nervous system and muscles. EEG, performance and 
subjective measures of vigilance are all related and thus appear to reflect the 
level of vigilance in similar ways. 
A vigilance model was presented that does not concern the actual processing 
itself, but portrays the basic precondition for cognitive performance. The global 
level of cortical activity might be termed ‘arousal’, which is not specifically 
associated with better performance on demanding tasks. Vigilance is not a pure 
condition of high cortical activity, but it stands for the precondition of cognitive 
processing, which is reflected in high cortical activity in those regions that are 
required for non-automatic cognitive processing.  
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Vigilantie is een term die binnen veel verschillende wetenschappelijke 
disciplines wordt gebruikt. In dit manuscript wordt vigilantie gedefinieerd als de 
energetische toestand die noodzakelijk is voor cognitieve prestaties. Vigilantie 
werd in dit manuscript nader onderzocht. Wat zijn de gevoeligste 
vigilantiematen, hoe zijn de onderlinge maten gerelateerd, in welke richting 
wordt vigilantie beïnvloed in verschillende condities en zijn de vigilantie-
effecten langdurig? In hoofdstuk 2 werden EEG-effecten onderzocht van 
mentale inspanning op vigilantie. Mentale inspanning verhoogde EEG-theta 
power voor langere tijd. Deze theta power verhoging duidt op een 
vigilantieverval. Beta2 power was echter ook iets verhoogd. Mogelijk reflecteert 
deze corticale activatie een compensatie voor de verlaagde vigilantie. In het 
tweede experiment van hoofdstuk 2 werd bevestigd dat theta power verhoogd 
wordt na mentale inspanning. De EEG-resultaten waren niet gevoelig voor de 
mate waarin informatieverwerkingscapaciteit vereist was. Mogelijk weerspiegelt 
theta power een blokkade van informatieverwerking. Deze blokkade is 
kortdurend aanwezig tijdens werkgeheugen en langdurig in een toestand van 
verlaagde vigilantie. 
Twee theorieën over vigilantieprestatie werden getoetst in hoofdstuk 3. 
Simpele, monotone taken werden in het eerste experiment vergeleken met 
inspannende, cognitieve taken. De arousal theorie werd gefalsifieerd, aangezien 
prestatie niet achteruitging door stimulusmonotonie. Bewijs werd wel gevonden 
voor de energiebronnenbenadering van vigilantie. Taakprestatie vereist een 
energetische bron of voorraad, die beperkt aanwezig is en op raakt als gebruik 
ervan langdurig is. Experiment 2 van hoofdstuk 3 liet zien dat het gaat om de 
hoeveelheid vereiste energie; dit bepaalt het globale prestatieniveau en de mate 
van verval tijdens een vigilantietaak. Waarschijnlijk wordt een prestatieverval 
op simpele, monotone taken en aandachtstaken niet altijd veroorzaakt door een 
‘echt’ verval in vigilantie, maar een dergelijk verval is vaak gerelateerd aan 
veranderingen in strategie. Een ‘echt’ prestatieverval kan opgeroepen worden 
door cognitieve, zeer inspannende taken. Proefpersonen moeten dan echter wel 
expliciet geïnstrueerd worden een bepaalde strategie vol te houden gedurende de 
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taak. Als de prestatie volgehouden wordt in een dusdanig inspannende conditie, 
komt de continue toewijzing van energie tot uitdrukking in een grote 
achteruitgang in subjectieve alertheid nadat de taak is geëindigd. 
Fysieke en mentale inspanningscondities werden in hoofdstuk 4 vergeleken. 
Na fysieke inspanning wezen de EEG-resultaten in de richting van een 
vigilantietoename. Mentale inspanning verlaagde opnieuw de vigilantie. Verder 
leken de effecten van mentale en fysieke inspanning onafhankelijk van elkaar. 
Ondanks dat fysieke inspanning corticale activatie verhoogde, was de 
taakprestatie die daarop volgde niet verbeterd. Beta1 power was niet verhoogd 
in de frontale gebieden, maar hier was juist een afname in beta2 power. Wellicht 
verhoogt fysieke inspanning de corticale activatie in het algemeen, maar 
verhoogt het niet de activatie die specifiek gerelateerd is aan cognitieve 
informatieverwerking. Fysieke inspanning lijkt dus de algemene activiteit of 
‘arousal’ te verhogen, zonder cognitieve taakprestatie te faciliteren. In het eerste 
experiment van hoofdstuk 4 nam de subjectieve alertheid na fysieke inspanning 
toe. Niettemin merkten de fysiek vermoeide proefpersonen op dat ze zich moe 
voelden. Het tweede experiment van hoofdstuk 4 liet zien dat fysieke alertheid 
niet adequaat gemeten wordt met de originele Thayer schaal. Nieuwe fysieke 
items werden toegevoegd aan de originele schaal en een Factor analyse leverde 
vier factoren op: Thayers factor ‘slaperigheid’, ‘gespannenheid’ en ‘kalmte’, 
maar ook een fysieke factor, die geassocieerd was met gevoelens van 
gespannenheid. Volgehouden mentale inspanning leidde tot slaperigheid en een 
afname in kalmte. Gevoelens van fysieke alertheid daalden na volgehouden 
fysieke inspanning. 
Hoofdstuk 5 was gericht op de dagelijkse of diurnale variatie in vigilantie. 
Het eerste experiment van dit hoofdstuk liet het bekende patroon van 
vigilantievariatie over de dag heen zien: laag in de ochtend en avond en hoog in 
de late ochtend of middag. Bovendien bevestigden de resultaten van deze studie 
de energiebenadering van vigilantieprestatie. De energie-eisende taak was het 
meest gevoelig voor vigilantiefluctuaties. Prestatie op deze taak liet het grootste 
verval zien en leverde zowel een eerdere prestatiepiek op als ook een grotere 
diurnale amplitude. Het tweede en derde experiment van hoofdstuk 5 betrof 
diurnale vigilantievariatie bij narcolepsiepatiënten. De resultaten toonden weer 
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aan dat de energie-eisende taak het meest gevoelig was voor vigilantievariaties. 
Bovendien was de vigilantie gedurende de hele dag lager bij 
narcolepsiepatiënten. Het lagere niveau van vigilantie was gecorreleerd met een 
verslechtering in geheugenprestatie. Verder was een continue verlaging van 
vigilantie over de hele dag zichtbaar. Al deze effecten werden gevonden in het 
EEG en in de taakprestatie. Narcolepsiepatiënten lijken daarom een verhoogde 
slaapdruk te hebben. Er zou een verstoring kunnen zijn van het (REM-) 
slaap/waak mechanisme, hetgeen een defect kan betreffen van die 
hersenstructuren die een rol spelen in de regulatie van vigilantie.  
In hoofdstuk 6 werd de relatie onderzocht tussen vigilantie en 
geheugenprestatie. De geheugeneffecten die de vigilantie-experimenten hadden 
opgeleverd, werden bediscussieerd. Er was geen evidentie voor een nauw 
verband tussen het niveau van vigilantie en de geheugenprestatie. Er was alleen 
een robuuste relatie aanwezig bij narcolepsiepatiënten. Wellicht verslechtert de 
geheugenprestatie als de vigilantie daalt tot een kritiek laag niveau. De relatie 
tussen vigilantie en geheugenprocessen zou indirect kunnen zijn en 
dientengevolge vrij complex en minder goed voorspelbaar. In ieder geval lijkt 
een redelijk verval in vigilantie niet gepaard te gaan met een specifieke 
verslechtering van geheugenprestatie. 
In de algemene discussie in hoofdstuk 7 werden de belangrijkste resultaten 
van alle experimentele condities bediscussieerd, per maat die gebruikt is: EEG, 
taakprestatie en subjectief oordeel. Geconcludeerd werd dat een toename in 
theta power in het EEG een gevoelige maat is voor vigilantieverval, dat 
bijvoorbeeld optreedt na een inspannende mentale taak. Mogelijk reflecteert 
theta power een blokkade van informatieverwerking. Een toename in beta2 
power is niet alleen aanwezig na mentale inspanning, maar ook bij 
narcolepsiepatiënten. De toename in deze hogere frequenties zou een 
weerspiegeling kunnen zijn van compensationele inspanning. Fysieke 
inspanning verhoogt de hersenactiviteit, maar niet frontaal, zodat 
beschikbaarheid van cognitieve energiebronnen niet verhoogd wordt. Theta en 
delta power in het EEG is toegenomen bij narcolepsiepatiënten en blijft continu 
toenemen gedurende de dag. De vigilantie van narcolepsiepatiënten is dus 
enorm verlaagd en daalt verder over de dag. 
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Een goede taakprestatie vereist een voorraad of bron van energie. 
Inspannende taken hebben een grote beschikbaarheid van deze energie nodig. 
Als een goede prestatie volgehouden moet worden, loopt de hoeveelheid 
beschikbare energie terug. Deze ‘leegloop’ wordt gereflecteerd in een 
prestatieverval, dat een ‘echte’ daling in vigilantie inhoudt. De klassieke, saaie 
vigilantietaak is niet bepaald geschikt om het niveau van vigilantie te bepalen. 
Taken die een continue beschikbaarheid van energie eisen, meten vigilantie veel 
directer, met name als proefpersonen expliciet gevraagd wordt om niet hun 
strategie aan te passen gedurende de taak. De beschikbaarheid van 
energiebronnen en het niveau van vigilantie zijn wellicht conceptueel niet van 
elkaar te scheiden: vigilantie zou gedefinieerd kunnen worden als de 
beschikbaarheid van verwerkingscapaciteit. 
Vermoeidheid of alertheid is een gevoel dat tot stand komt door een groot 
aantal factoren, die waarschijnlijk allemaal hun eigen (gelokaliseerde) 
afspiegeling hebben in het brein. Er lijken vier aparte factoren van subjectieve 
alertheid te bestaan: ‘slaperigheid’, ‘gespannenheid’, ‘kalmte’ en een fysieke 
factor, die geassocieerd is met gevoelens van gespannenheid. De factor 
slaperigheid zou de mate van algemene corticale activatie kunnen weerspiegelen, 
inclusief de activiteit van frontale hersendelen die nodig zijn voor mentale 
verwerking. Deze factor is waarschijnlijk het gevoeligst in het bepalen van de 
beschikbaarheid van de voorraad energie voor cognitieve verwerking. De 
fysieke factor reflecteert waarschijnlijk de activiteit van het perifere 
zenuwstelsel en de spieren. EEG, taakprestatie en subjectieve maten zijn allen 
gerelateerd en lijken dus het niveau van vigilantie op een soortgelijke manier te 
reflecteren.  
Een vigilantiemodel werd gepresenteerd dat niet de verwerking zelf betreft, 
maar dat een beeld schetst van de basale voorwaarde voor cognitieve prestaties. 
Het globale niveau van corticale activiteit zou ‘arousal’ genoemd kunnen 
worden. Dit is niet specifiek gerelateerd aan betere taakprestatie op inspannende 
taken. Vigilantie is niet puur een conditie van verhoogde corticale activatie, 
maar het betekent de voorwaarde voor cognitieve verwerking. Vigilantie wordt 
weerspiegeld in hogere corticale activatie in die gebieden die nodig zijn voor 
niet-automatische cognitieve verwerking.  
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